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AN IMMUNOLOGICALLY ACTIVE POLYSACCHARIDE 
PRODUCED BY COCCIDIOIDES IMMITIS 
RIXFORD AND GILCHRIST 


By W. Z. HASSID, E. E. BAKER, anp R. M. McCREADY* 


(From the Division of Plant Nutrition of the College of Agriculture, University of 
California, Berkeley, and the Department of Public Health and Preventive Medicine, 
Stanford University School of Medicine, San Francisco) 


(Received for publication, April 28, 1943) 


The fungus Coccidioides immitis, the causative agent of coccidioido- 
mycosis in man and certain wild and domestic animals, produces a sub- 
stance which elicits a skin reaction when injected intradermally into sensi- 
tive individuals, and precipitates and fixes complement in the presence of 
serum of persons with coccidioidomycosis. The only data on the nature 
of this substance are found in the work of Hirsch and D’Andrea (1). These 
authors have shown that Coccidioides immitis produces a “specific soluble 
substance” which is precipitated by alcohol, contains 3 to 4 per cent nitro- 
gen, and upon hydrolysis produces 20 to 40 per cent reducing sugars. The 
osazone prepared from the hydrolyzed solution was identified as glucos- 


azone. 


A filtrate of old cultures of Coccidioides immitis, known as coccidioidin, 
is widely used as an aid in the diagnosis of coccidioidomycosis (2). The 
present writers, therefore, found it of interest to study the “specific soluble 
substance”’ produced by this fungus and to ascertain its nature and whether 
a relation exists between its chemical constitution and its immunological 


properties. 


EXPERIMENTAL 


Preparation of the Polysaccharide—Coccidioides immitis (Strain 46) was 
grown for 2 months at 37° on a modified Bureau of Animal Industry tuber- 
culin medium which had the following composition: /-asparagine 7.0 gm.., 
NH,Cl 7.0 gm., KezHPO, 1.3 gm., sodium citrate 0.5 gm., MgSO, 1.5 gm., 
ferric citrate 0.3 gm., cerelose 10.0 gm., glycerol 25.0 gm., distilled water 
to make | liter. 

At the end of the incubation period, merthiolate was added to each 
culture flask to give a final concentration of 1 part in 10,000. The mat of 
fungus was then removed by filtration. 

Lot 9 of the polysaccharide was prepared as follows: 4600 cc. of culture 
filtrate were concentrated by means of the collodion ultrafilters described 


* Present address, Western Regional Research Laboratory, Albany, California. 
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by Seibert (3). Henderson! showed that the material responsible for 
eliciting a positive skin reaction in sensitive individuals does not pass 
through these filters. Thus, ultrafiltration offered a convenient method of 
concentrating this skin-reacting substance. After the filtrate had been 
concentrated to about 1 liter, this volume was maintained by the gradual 
addition of 2 liters of distilled water, followed by 3 liters of 1 per cent sul- 
furic acid. The dilute sulfuric acid was used to convert any acid groups 
present in the polysaccharide as salts to their free acids. Preliminary ex- 
periments had shown that certain dark brown impurities could be removed 
by fractional precipitation of the polysaccharide, containing free acid 
groups, with alcohol. Its salt, however, could not be purified in this man- 
ner. After addition of the dilute sulfuric acid, the residue was washed with 
3 liters of distilled water and concentrated to 46 cc. The concentrate was 
free of salts, as shown by the absence of the sulfate ion. 

The concentrate was then precipitated with 5 volumes of ethyl alcohol, 
and the precipitate collected by centrifugation and dissolved in 15 ee. 
of water. When 10 cc. of aleohol were added, a dark brown precipitate 
formed. This was removed by centrifugation (Fraction I). Upon the 
addition of 10 cc. of aleohol to the almost colorless supernatant solution, 
a white precipitate was obtained (Fraction II). This fraction was washed 
with 60 per cent alcohol, then with alcohol and ether, and dried in vacuo 
at 80°. Both fractions contained material which elicited positive tests in 
sensitive individuals. Although Fraction I, weighing 0.3 gm., showed 
some activity in skin tests, it was discarded. Fraction II weighed 1.7 gm. 
and was used in the subsequent work. 

Properties of the Polysaccharide—The white amorphous precipitate ob- 
tained was soluble in water and distinctly acidic in aqueous solution. Its 
acid number was 3000 when neutralized to pH 8. Its ash content was 
0.42 per cent; it contained 3.23 per cent total nitrogen and 0.6 per cent 
amino acid nitrogen, determined by the Van Slyke method (4). No acetyl 
groups were found in the carbohydrate. When oxidized with ferricyanide 
and titrated with ceric sulfate, the substance gave a reducing value of 9.5 
per cent calculated as glucose (5). The polysaccharide gave a strong 
naphthoresorcinol test (6), indicating the presence of uronic acid in the 
molecule. The uronic acid content determined by adaptation of Dore’s 
method (7) to a semimicro scale* was 10.5 per cent. Its carbon content 
was 43.8 per cent’ (ash-free basis), and the specific rotation [a], +37.5°. 


1 Henderson, H. J., Henry Phipps Institute, University of Pennsylvania, unpub- 


lished data. 
? Unpublished data. 
* The carbon analyses in this investigation were carried out by the wet combustion 


method (McCready, R. M., and Hassid, W. Z., Ind. and Eng. Chem., Anal. Ed., 14, 
525 (1942)). 
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The Millon, xanthoproteic, glyoxylic acid, and biuret tests for proteins 
were all negative. Neither was any precipitate obtained by the addition 
of 5 per cent trichloroacetic acid to an equal volume of a 2 per cent poly- 
saccharide solution, when the mixture was heated. This shows that no 
protein material was present in the carbohydrate. 

Hydrolysis of the Polysaccharide and Identification of Products—When 
a 1 per cent solution of the polysaccharide was hydrolyzed by boiling with 
1 n sulfuric acid, the liberation of the reducing sugars proceeded very 
rapidly. Within 30 minutes 27.5 per cent of the reducing sugars, calculated 
as glucose and determined by oxidation with ferricyanide and titration with 
ceric sulfate (5), was liberated. After 75 minutes, 79.2 per cent was 
present in the solution, and after 150 minutes the value diminished to 76.6 
per cent. In connection with the diminution of the reducing value, Link 
and Nedden (8) showed that galacturonic acid is partly destroyed by pro- 
longed heating with acid. This is probably due to decarboxylation of some 
of the uronic acid. 

An osazone was prepared from the neutralized solution which was identi- 
fied as glucosazone. The presence of glucose was later confirmed by the 
preparation of potassium acid saccharate, when a portion of the hydrolyzed 
solution was oxidized with nitric acid and neutralized with potassium car- 
bonate. The solution gave a negative Seliwanoff reaction, indicating the 
absence of fructose. The aniline reaction (9), which distinguishes pentoses 
from uronic acids, was also negative, showing the absence of pentose sugars. 
The possibility of the presence of mannose was eliminated by the fact that 
no mannose phenylhydrazone could be obtained. Glucosamine, deter- 
mined by the Elson and Morgan method (10), was shown to be absent. 

Separation of Uronic Acid Constituent—A 1 gm. sample of the carbohy- 
drate was dissolved in 10 cc. of water, an equal volume of 2 N sulfuric acid 
was added, and the solution boiled for 1.5 hours under a reflux condenser. 
It was then neutralized with barium carbonate, and the precipitate washed 
and removed by repeated centrifugation. The filtrate and washings were 
concentrated to about 2 cc. and the barium salt of the uronic acid precipi- 
tated by the addition of 10 volumes of methyl alcohol. The precipitate 
was centrifuged and washed by repeated centrifugation with methyl alco- 
hol. After drying in vacuo at 60°, a yield of 0.150 gm. of the barium salt, 
the equivalent of 11 per cent uronic acid, was obtained. The methyl alco- 
holic filtrate and washings were combined and saved for further analysis 
of soluble sugars. 

The barium salt gave the naphthoresorcinol test for uronic acid, and 
oxidation with nitric acid produced crystals of mucic acid. This showed 
that the salt was barium galacturonate. 


Analysis—(C\:H,sO..)Ba. Calculated. C 27.5, Ba 26.3 
Found. "a" oe 
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On treatment with phenylhydrazine hydrochloride and sodium acetate, 
a derivative was obtained from this salt which was identical with the 
phenylhydrazine phenylhydrazone of galacturonate described by Niemann, 
Schoeffel, and Link (11). 


“Ss 


Analysis—C,sH2OgN,. Calculated. C 55.1, N 14.3 
55.7, ‘“ 


Found. 14.4 


Identification of Glucose Constituent—The filtrate obtained after precipi- 
tation of the barium galacturonate was evaporated to a small volume to 
remove the methyl alcohol, quantitatively transferred into a 100 cc. volu- 
metric flask, and diluted to volume. When analyzed by the ferricyanide 
method (5), the solution contained 0.720 gm. of reducing sugars, caleu- 
lated as glucose. The specific rotation [a], of the solution, calculated on 
the basis of 0.720 gm., was —7°. 

A portion of the solution, containing 0.140 gm. of reducing sugars, was 
concentrated to 2 ce. and oxidized with 2 ce. of nitric acid by evaporating 
the mixture on a watch-glass on the steam bath. The syrup was dissolved 
in about 1 cc. of water, made alkaline by the addition of potassium carbon- 
ate, and acidified with acetic acid. After refrigeration overnight, crystals 
were filtered from the solution and were identified as potassium acid sac- 
charate by their appearance under the microscope (12) and by analysis 
of the potassium content. 

The fact that the specific rotation of the solution was negative indicates 
that, together with the dextrorotatory glucose, there must exist another 
compound which is levorotatory. When a portion of the solution was 
heated in boiling water with phenylhydrazine hydrochloride and sodium 
acetate for 15 minutes and then cooled and examined under the microscope, 
two distinctly different osazones could be observed. A preponderance of 
glucosazone was recognized by the shape of its characteristic greenish 
yellow needle-like bundles (12). Mixed with this, in smaller proportion, 
was another osazone which had the appearance of dark green burs. This 
osazone has not yet been identified. When the solution was filtered and 
the filtrate heated for 30 minutes, and then cooled, more of this unidentified 
osazone crystallized. 

In order to establish the relative proportions of glucose and the unknown 
sugar, a 10 ce. portion of the hydrolyzed solution, containing 72 mg. of 
reducing sugars, was inoculated with a pure culture of yeast, T’orula monosa. 
A 0.5 per cent yeast infusion and 0.1 cc. of phosphate buffer of pH 6 were 
addéd and allowed to remain at 28° for 30 hours. At the end of this period 
the fermented solution contained 22 mg. of reducing sugars, calculated as 
glucose. On this basis, 50 mg., or 69.5 per cent, of glucose were present in 
the solution before fermentation. The remaining 22 mg. of reducing sugar 
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(30.5 per cent), obtained after fermentation of the glucose with Torula 
monosa, were therefore due to the unknown sugar. A blank, simultane- 
ously run by inoculating 10 cc. of pure glucose solution (72 mg.) with 
Torula monosa, under identical conditions gave a reducing value after 30 
hours equivalent to 0.6 mg. of glucose, showing that the yeast ferments 
glucose almost completely. 

Acetylation of the Polysaccharide—Another lot of polysaccharide (Lot 10), 
prepared in the manner previously described, contained 2.3 per cent nitro- 
gen. A 0.5 gm. sample of this material was dissolved in 1 cc. of water 
and then 15 cc. of ethyl alcohol were added. After a few mg. of powdered 
sodium acetate were added to the cloudy solution and it was allowed to 
stand for 2 hours, the precipitated polysaccharide was filtered with suction 
on a Buchner funnel. The slightly moist precipitate was treated with 15 
ec. of pyridine and allowed to stand for 6 days with occasional shaking. 
(Prolonged treatment with pyridine is necessary to swell the particles of 
the polysaccharide; otherwise the acetylation proceeds with difficulty.) 
The polysaccharide was then acetylated by gradual addition of 12 ce. of 
acetic anhydride. The mixture was stirred overnight at room temperature 
and then for 12 additional hours at 60°. The solution was then poured 
into a large excess of cold water, whereupon a white precipitate separated 
out. The acetylated product was filtered and washed with water until 
free of acid, and dried in vacuo at 80°. A yield of 0.33 gm. of the acetylated 
product was obtained. The acetate was soluble in chloroform, its acety] 
value (COCH;) 41.0 per cent, and the nitrogen content 0.92 per cent. 

When another lot (No. 11) of the polysaccharide, containing 1.73 per 
cent nitrogen, was acetylated, a product was obtained with a nitrogen con- 
tent of 0.95 per cent. The fact that preparations having various nitrogen 
contents produced acetylated products with a constant nitrogen value 
indicates that part of the nitrogen exists in organic combination with the 
polysaccharide. 

The specific viscosity, at 23°, of a 0.4 per cent solution of the acetylated 
polysaccharide in m-cresol, was 0.094. By Staudinger’s formula with 
Km = 10-* (13), a molecular weight of approximately 6760 was obtained 
for the acetylated derivative. 

Regeneration of the Polysaccharide from Its Acetate—A sample of 0.15 
gm. of the acetate (obtained from Lot 10) was deacetylated with 5 cc. of 
50 per cent aqueous methyl alcoholic 3 per cent potassium hydroxide, 
according to the method previously described (14). The deacetylated 
polysaccharide was soluble in water and had a nitrogen content of 1.12 
percent. The persistence of the nitrogen after acetylation and deacetyla- 
tion of the polysaccharide presents additional evidence that part of the 
nitrogen is not an impurity but probably exists in organic combination 
with the carbohydrate. 
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Immunological Properties of the Polysaccharide 


Skin Reaction—The culture filtrate gave reactions in sensitive individuals 
in dilutions up to about 1:10,000. The polysaccharide prepared by frac- 
tional precipitation of the free acid of the polysaccharide from alcohol 
gave positive skin reactions when 0.00001 mg. of the substance was injected 
intracutaneously. The polysaccharide obtained by regeneration of the 
acetate gave no reaction when injected in amounts as high as 0.01 mg. 


TABLE [ 


Precipilin Testis with Various Polysaccharide Preparations 


Dilution of antigen 


Serum Antigen : Ss : 
1:20,000 | 1:40,000 | 1:80,000 | 1:160,000; & > a 
| S 2/2 
ee at 
A | Culture filtrate ++++! ++ + 0 0 10/0 
Alcohol-pptd. poly- ++++!++++/++++4++++ ++ +) 0 
saccharide 
Regenerated polysac--++++>++++ +4++4++4+/4+4++4++4+ 44/54 0 
charide 
B Culture filtrate ++++) +++ = 0 0 0.0 
Aleohol-pptd. poly- ++++/+++4+/+++4/++++4+ ++) +/ 0 
saccharide 
Regenerated polysac-'++++/++++/++4++/4++4++4+) ++ /+/ 0 
charide 
Pleural Culture filtrate ++++i++++, +4 0 0 0; 0 
fluid Aleohol-pptd. poly- |++++>+++4++4++4+4++4+4+4+4++4/+4++ + | 0 
saccharide 
Regenerated polysac--++++ > ++++/++++4+ 4+++4+++4+4+ 4+) 0 
charide 
Normal | Culture filtrate 0 0 0 
serum | Aleohol-pptd. poly- 0 0 0 
saccharide 
Regenerated polysac- 0 0 0 
charide 


+++-+ = complete precipitation; + = partial precipitation; 0 = no precipita- 
tion 


When unacetylated polysaccharide was treated with alcoholic potassium 
hydroxide under conditions similar to those used for regenerating the 
acetate, it also gave no skin reaction. 

Complement Fixation—The culture filtrate, but not the polysaccharide 
prepared by alcohol precipitation, fixed complement in the presence of 
serum from patients with coccidioidomycosis. The regenerated poly- 
saccharide was not tested. 
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Precipitative Reaction—The culture filtrate, the alcohol-precipitated 
polysaccharide, and the regenerated polysaccharide gave positive precipi- 
tative reactions. Serum was used undiluted in 0.1 cc. amounts and was 
mixed with various dilutions of antigen in 0.85 per cent sodium chloride 
solution buffered at pH 7.0. The tubes were incubated at 37° overnight 
and observed for a total of 48 hours. Insufficient amounts of sera were 
available for the optimal dilution method. Data obtained with two sera, 
and one sample of pleural fluid obtained from patients with coccidioidomy- 
cosis, and one sample of normal serum are presented in Table I. 


DISCUSSION 


The isolation of barium galacturonate from the hydrolysis products 
of the polysaccharide establishes the presence of galacturonic acid units in 
this compound. Direct analysis of the polysaccharide yielded 10.5 per 
cent uronic acid, a value which is in fair agreement with 11 per cent galac- 
turonic acid isolated as the barium salt from the hydrolyzed solution. 

The fact that the specific rotation of the hydrolyzed solution was nega- 
tive after removal of the galacturonic acid, and also that a mixture of glu- 
cosazone and an unidentified osazone could be observed, indicates the 
presence in the polysaccharide of another sugar besides glucose. When the 
glucose was fermented out from the solution with Torula monosa, 30.5 
per cent of reducing sugar remained. The galacturonic acid, glucose, and 
the unidentified sugar therefore exist in the polysaccharide in the approxi- 
mate ratio of 1:6:3, respectively. 

The polysaccharide (Lot 9) contained 3.2 per cent total nitrogen, of 
which 0.6 per cent could be accounted for as amino acid nitrogen. How- 
ever, when the polysaccharide was subjected to the specific protein tests 
(Millon, xanthoproteic, glyoxylic acid, and biuret tests), the results were 
negative. This suggests that the nitrogenous substance is probably some 
compound other than protein. Part of the nitrogen in the polysaccharide 
(Lot 10) persisted throughout the process of acetylation and deacetylation. 
The average nitrogen content of two different samples of the acetylated 
polysaccharide was 0.94 per cent, while in the deacetylated product it was 
1.12 per cent. When allowance is made for the increase in molecular 
weight of the polysaccharide due to the acetyl groups introduced, the 
amount of nitrogen is virtually unchanged. This fact indicates that part 
of the nitrogen is an integral part of the polysaccharide molecule. 

Both the original culture filtrate and the alcohol-precipitated polysac- 
charide gave positive skin reactions, but the polysaccharide obtained by 
regeneration from the acetyl derivative and a sample of the alcohol-precip- 
itated polysaccharide treated with alcoholic potassium hydroxide were 
no longer active. All three preparations gave positive precipitative reac- 
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tions. These facts allow two interpretations. Since the process of acety- 
lation and regeneration of the polysaccharide resulted in a loss of nitrogen, 
it is possible that the reduction in nitrogen content was the result of the 
elimination of the substance responsible for skin reactivity. This explana- 
tion would also require that the substance responsible for skin reactivity is 
different from the substance giving the precipitative reaction. A second 
possible interpretation is that treatment with alcoholic potassium hydrox- 
ide altered some group in the polysaccharide molecule necessary for skin 
reactivity but not necessarily required for the precipitative reaction. 
This latter explanation is supported by the loss in skin reactivity of the 
alcohol-precipitated polysaccharide treated with alcoholic potassium hy- 
droxide. It seems‘probable that the latter interpretation is correct in 
view of the fact that it was not possible to detect the presence of protein 
in any of the preparations. 

The loss in ability of the polysaccharide to fix complement after alcohol 
precipitation may possibly be explained by some alteration of the physical 
state of the polysaccharide or by a removal of some lipid constituent of the 
original culture filtrate. 


SUMMARY 

The preparation and properties of the polysaccharide produced by 
Coccidioides immitis have been described. 

The polysaccharide consists of units of galacturonic acid, glucose, and 
some unidentified sugar. A nitrogenous compound, apparently other than 
protein, is associated with the polysaccharide. 

The polysaccharide gives a positive skin reaction in sensitive individuals. 
However, the polysaccharide obtained by regeneration from the acetyl 
derivative no longer produces this skin reaction. Both the original 
polysaccharide and that obtained from the acetylated derivative give 
positive precipitative reactions. 


The authors wish to thank Dr. C. E. Smith and Miss R. J. Wheatlake 
of the Department of Public Health and Preventive Medicine, Stanford 
University School of Medicine, for assistance with some of the skin tests 
and serological reactions and for many helpful suggestions. 
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THE EFFECT OF CERTAIN DIETARY INGREDIENTS ON THE 
KEEPING QUALITY OF BODY FAT* 


By RICHARD H. BARNES, W. 0. LUNDBERG, H. T. HANSON, anp 
GEORGE O. BURR 


(From the Division of Physiological Chemistry, University of Minnesota, Minneapolis) 
(Received for publication, May 21, 1943) 


In general there are two basic factors of importance governing the 
resistance of natural fats to rancidification. These are (1) the composition 
of the component glycerides and (2) the amount and nature of existing 
natural antioxidants. In the actual practice of preparing animal fats for 
consumption, as in the rendering process, several other factors such as the 
presence of enzymes, contamination with prooxidants, and so on are of 
great importance. However, in the present study these latter factors will 
not be directly considered. 

As it is known that the composition of body fat can be altered by the 
type of food ingested, it follows that the keeping quality of this fat would 
also be altered. Indirectly this has been a frequent observation. Animal 
fats of low melting points are usually more susceptible to oxidative rancidi- 
fication than the more solid fats. Lea (1, 2) has given evidence that the 
inclusion of cod liver oil in the food of swine results in an increased suscepti- 
bility of the animal’s fat to oxidation. It was assumed that traces of cod 
liver oil acids had been deposited in the fat stores and that they activated 
the oxidation of the other fat that was present. 

Lea has further proposed that stability of animal fat may be influenced 
by antioxidants in the diet (2). Some indirect evidence that dietary 
antioxidants may be deposited in fat stores and thus enhance the keeping 
quality of body fat is found in the observation that ingestion of large 
amounts of soy beans, although known to increase the iodine value, does 
not decrease the keeping time of the body fat (3). Natural antioxidants 
of the soy bean oil may have been deposited in the fat stores and acted 
to counteract the effect of the increased unsaturation. In an attempt to 
study the possible stabilization of body fat by dietary antioxidants, Over- 
man (4) fed ascorbic acid and hydroquinone to rats, but found no definite 
changes in keeping time, although there was some slight indication that 
ingestion of ascorbic acid improved the stability. 

The present investigation was undertaken in an attempt to provide 


* Aided by grants from the Hormel Research Foundation and the National Dairy 
Council. 

Presented before the Division of Agricultural and Food Chemistry of the Ameri- 
can Chemical Society at Detroit, April, 1943. 
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further information concerning the influence of diet on the stability of 
body fat. 


EXPERIMENTAL 


The general plan of the following experiments was to feed specially 
prepared diets to albino rats of a given sex. At the appropriate time the 
rats were killed by etherization and exsanguination from the large abdominal 
vessels. All fat from the abdomen except that lying in the mesentery 
was carefully removed and frozen in a cold room at a temperature of — 15°. 
When frozen, the fat was wrapped in several layers of coarsely woven 
muslin and pounded with a hammer. The fat was then transferred to 
small filter flasks, placed in a water bath at 60°, and evacuated with a water 
aspirator for about 1 hour. At the end of this time most of the water had 
been removed from the fat. The fat was then squeezed through several 
layers of muslin and filtered twice through a diatomaceous earth (Hyflo 
Super-Cel, Johns-Manville). In some cases it was not possible to carry 
out subsequent work immediately on the fat samples and they had to be 
stored at —15° for 4 to 6 weeks. In early experiments filtration with 
diatomaceous earth was not carried out and it was found that in these 
samples storage at low temperature caused a marked decrease in keeping 
time. Filtration through the diatomaceous earth effectively prevented this 
deterioration during storage. In any one experiment all fat samples were 
treated in an identical fashion, so that while variations in the keeping 
time of fats from animals raised on the same regimen may be different from 
one experiment to another, comparison of different fats in a given study 
can be made. The keeping time of the fats was judged by measurement of 
the peroxide accumulation in 1.5 ce. samples which were kept in small 
glass vials in an oven regulated to 63° + 0.5°. Peroxide values (milli- 
equivalents per kilo) were determined by the method described by King, 
Roschen, and Irwin (5). Iodine values (Wijs) were determined on most 
of the original fat samples. In two experiments such small quantities of 
fat were recovered from the rats that keeping time was judged by the rate 
of oxygen absorption of 0.2 cc. samples of fat kept at 100° in a Warburg 
apparatus. More details will be given in the description of the individual 
experiments. 

Experiment 1. Effect of Three Common Laboratory Diets on Keeping 
Time of Body Fat—Three groups of five rats each were kept on the following 
diets from the time of weaning until they were approximately 150 days old: 
(1) a purified diet of the following percentage composition, sucrose 45, 
casein 28, lard 18, salts (modified (6)) 4, yeast 5, 2 drops of cod liver oil 
and 1 drop of wheat germ oil to each rat twice a week; (2) a commercial 
food widely used in rat colonies (Purina fox chow); (3) a stock diet which 
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had been used in the rat colony at this laboratory and which had the fol- 
lowing composition, whole ground wheat 66.5, casein 15.0, milk powder 10.0, 
butter (unsalted) 5.2, NaCl 0.8, CaCO; 1.5, cod liver oil 1.0. 

Peroxide accumulation as shown in Fig. 1 indicates a prolonged keeping 
time of the fat from rats fed the laboratory stock diet. A sharp drop in 
jodine value of the fat from this group offers one explanation for the in- 
ereased stability. However, from this experiment alone the possibility 
of an antioxidant deposition in the fat cannot be ruled out, but regardless 
of its interpretation this experiment does show that diet can have a rather 
marked effect on the keeping time of the animal’s fat. 
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Fia. 1. The effect of three common laboratory diets on the keeping time of body 


fat. 
Fic. 2. The effect of incorporating several antioxidant sources in the diet. 


Experiment 2. Effect of Incorporating Several Antioxidant Sources in 
Diet—Four groups of five rats each which had been raised on the laboratory 
stock diet from the time of weaning until they were approximately 150 days 
old were fed for 30 days as follows: Group 1 was continued on the stock 
diet and served as controls, Group 2 received 10 per cent rice bran, Group 3, 
10 per cent avenex (an oat product), and Group 4, fresh lettuce ad libitum. 
Rice bran has been recently shown to have some antioxidant properties (7); 
avenex has been claimed to act as an antioxidant for several fats (8); and 
lettuce has been known for some time to be a source of inhibitols (9). As 
indicated in Fig. 2, supplementation of the diet with these antioxidant 
substances did not increase the keeping time of the body fat. 
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Experiment 8. Influence of Protein Level and Presence of Yeast in Diet~ 
The purified diet described in Experiment 1 was used as a basic diet for 
this study. By isocalorically exchanging casein and glucose and also pro- 
viding for a 50 per cent protein content of yeast, the high protein diets 
were made to contain 30 per cent protein and the low protein diets 15 per 
cent protein. In one low and one high protein diet the 5 per cent yeast 
was replaced by synthetic vitamins, so that in the absence of yeast the diet 
still contained the same absolute amounts of those B vitamins which are 
known to be necessary for the rat. These four diets were fed from the 
time of weaning until the rats were approximately 150 days old. From 
Fig. 3 it is seen that none of these alterations in diet influenced the keeping 
time of the body fat. The high protein diets gave more rapid growth, but 
the amount of fat deposited was about the same for each group. Yeast 
has been recently shown to have antioxidant properties (7, 10) but it is 
seen here that its presence in the diet is not necessary for the normal sta- 
bility of body fat. 

Experiment 4. Influence of Different Types of Dietary Fat—As a basic 
diet for this study the purified diet described in Experiment 1 was again 
used. The fat was altered so that Group 1 received lard (Hormel); 
Group 2, corn oil (Mazola); Group 3, hydrogenated vegetable oil (Crisco); 
and Group 4, fresh butter fat. As seen in Fig. 4, the rats receiving butter 
fat had the most stable body fat. At the same time the iodine value of this 
fat is the lowest of the four groups. This indication of an altered composi- 
tion of the body fat offers a possible explanation for the prolonged keeping 
time of the body fat in this group. As the laboratory stock diet also con- 
tained butter fat and provided for a stable fat, it is probable that the butter 
fat content of this diet was the factor responsible for the increased keeping 
time noted in Experiment 1. The ingestion of Mazola and Crisco provided 
a better body fat than lard. As the iodine value of the fat from rats 
receiving both of these fats was higher than that of the lard-fed animals, 
it is probable that antioxidants, naturally occurring in these two fats, had 
been deposited in the fat depots. Some such factor must have been acting 
to counteract the influence of the increased unsaturation. 

Experiment 5. Influence of Tocopherols, Wheat Germ Oil, and Hydro- 
quinone—Four groups of rats which had been raised on a commercial diet 
(Purina fox chow) from the time of weaning until they were approximately 
150 days old were used in this experiment. They were transferred to the 
purified diet described in Experiment 1, which contained 18 per cent lard 
(Hormel). Group 1 was continued on this diet without supplementation 
for 30 days; Group 2 received 0.25 cc. of 15 per cent mixed tocopherols 
(Distillation Products, Inc.) twice weekly; Group 3 received 0.5 cc. of 
wheat germ oil (viobin) twice weekly; and Group 4 had 50 mg. of hydro- 
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quinone mixed in 100 gm. of diet, providing about 5 mg. of the compound 
each day. Supplementation of diets with tocopherols and wheat germ oil 
has been carried out in two additional experiments that are not described 
here. In both of these experiments the results were comparable to those 
shown in Fig. 5. The slight stabilizing effect of the tocopherols noted in 
Fig. 5 was not a regular finding. In confirmation of the work of Overman, 
hydroquinone ingestion did not increase the stability of the body fat. 
Experiment 6. Influence of Rancid Fat in Diet from Time of Weaning— 
Two groups of rats were raised on the high protein-synthetic vitamin B 
diet described in Experiment 4, from the time of weaning until they were 
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Fic. 3. The influence of the protein level and the presence of yeast in the diet. 
Fie. 4. The influence of different types of dietary fat. 


approximately 80 days of age. In Group 1 the lard was protected from 
any deterioration by refrigeration and in Group 2 the lard was heated and 
aerated until it had reached a peroxide value of 200 to 400. As seen in 
Fig. 6, the body fat of the rats receiving rancid fat had a decreased keeping 
time. The effect of the rancid lard in the diet might have been brought 
about by the absorption and deposition of certain prooxidants in the fat 
tissues or through the destruction of dietary antioxidants that are essen- 
tial for the natural stabilization of body fat. 

Experiment 7. Influence of Ingesting Rancid Fat by Adult Rats—Three 
groups of rats were raised on a commercial food (Purina fox chow) until 
they were approximately 150 days old. The rats were then fasted for 1 
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week and given the purified diet described in Experiment 1. At this time 
Group 1 was killed and Groups 2 and 3 were given the same diet, but the 
lard had been rancidified to a peroxide value of about 200. Group 2 was 
killed after 2 weeks and Group 3 after 4 weeks on the rancid lard diets. In 
this case there was no reduction in the keeping time of the body fat as a 
result of ingestion of rancid lard (Fig. 7). This indicates that the redue- 
tion of keeping time noted in Experiment 6 was not due to the absorption 
and deposition of procxidants, for if such had been the case the body fat 
in the present experiment would also have shown a reduced keeping time. 
The alternative explanation that the rancid fat destroyed necessary anti- 
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Fic. 5. The influence of tocopherols, wheat germ oil, and hydroquinone 


oxidants which were in the diet leads to. two postulations. First, the 
natural stability of body fat necessitates the presence of antioxidants in 
the diet, and second, naturally occurring antioxidants in the body fat are 
stored and do not require constant replenishment. Proof of the first 
postulation is offered in the succeeding two experiments. 

Experiment 8. Influence of Vitamin E-Deficient Diet—A group of rats 
was raised from the time of weaning until they were approximately 100 
days old on a diet which was free of vitamin E and fat. The percentage 
composition of the diet was sucrose 84, casein 12, and salts (11) 4. One- 
fourth teaspoonful of yeast into which carotene and viosterol were mixed 
was supplied each day. For 2 weeks before the termination of the experi- 
ment each animal received a daily dose of 10 drops of the ethyl esters of 
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corn oil fatty acids completely free from unsaponifiable matter. This was 
given in order to stimulate fat synthesis, because the fat-free diet had 
almost completely inhibited fat deposition. For controls a group of rats 
which had been raised on the commercial food was used. The amount of 
fat in the vitamin E-deficient rats was so small that the previously used 
technique of measuring peroxide accumulation could not be used. Instead, 
astandard Warburg apparatus with glycerol in place of water as a heating 
bath and with light mineral oil in place of the usual manometer fluid was 
used. The regular Warburg respiration flasks containing 0.2 cc. of the 
test fat were connected to the manometers with mineral oil as a lubricant 
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Fig. 6. The influence of rancid fat in the diet from the time of weaning. 
Fic. 7. The influence of ingesting rancid fat by adult rats. 


and then placed in the glycerol bath at 100°. The system was filled with 
tank oxygen and the manometers set in motion. Readings and corrections 
were applied as in normal studies on respiration. In Fig. 8 the oxygen 
absorption values are given in arbitrary units, but the relative keeping 
times are clearly indicated. The reduced keeping time of the body fat 
from the vitamin E-deficient animals gives added proof that the natural 
stability of the rat’s fat is dependent upon antioxidants derived from the 
diet. Furthermore, this experiment indicates the important réle that 
vitamin E may play in this stabilization. 

Experiment 9. Effect of a-Tocopherol and Hydroquinone on Stability of 
Fat in Vitamin E-Deficient Rats—Since the ingestion of a vitamin E-free 











320 EFFECT OF DIET ON BODY FAT 


diet sharply reduced the keeping time of body fat and as in previous studies 
it had been found that the administration of supplemental tocopherols did 
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Fig. 8. The influence of a vitamin E-deficient diet 
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Fic. 9. The effect of a-tocopherol and hydroquinone on the stability of fat in 
vitamin E-deficient rats. 


not extend the keeping time of normal fat, the following experiment was 
carried out. Three groups of rats that had been raised from the time of 








lies 
did 














BARNES, LUNDRERG, HANSON, AND BURR 321 


weaning until they were approximately 80 days old on a diet which was 
free of both fats and vitamin E were given daily supplements of the ethyl 
esters of corn oil fatty acids for 30 days. The rats in Group 1 were then 
given by stomach tube 2 cc. of the methy] esters of corn oil acids. Group 2 
in a like manner received 50 mg. of hydroquinone dissolved in water and 
2 ce. of the corn oil esters. Group 3 received 200 mg. of a-tocopherol dis- 
solved in 2 cc. of the corn oil esters. The dose of hydroquinone proved 
lethal for one rat in Group 2 and two others exhibited signs of some toxicity 
for 1 day following its administration. 6 days after the supplements were 
given, the rats were killed and their abdominal fat prepared for measure- 
ments of oxygen absorption. In this experiment a slightly different flask 
from that used in Experiment 8 was employed and the test was carried 
out with the flasks filled with air rather than oxygen. For these reasons 
keeping times in Experiments 8 and 9 are not comparable. The very 
short induction period for the vitamin E-deficient rats is again seen (Fig. 9). 
Hydroquinone did not increase the keeping time, but appeared to exert 
a deleterious effect. a-Tocopherol markedly increased the keeping time, 
but fat from rats raised on commercial food and studied under conditions 
which were comparable to those employed in this experiment have indi- 
cated that the a-tocopherol had not brought about a return of the keeping 
time to normal. 


DISCUSSION 


These experiments have demonstrated the very wide variations in keep- 
ing time of body fat that may be brought about by changes in diet. One 
pure compound, a-tocopherol, has been found to play an important réle 
in the stabilization of animal fats. However, there appears to be some 
peculiarity in the over-all influence of this substance in the diet. If the 
diet is completely free of tocopherols and other possible antioxidants that 
occur in fats, the stability of the body fat is sharply reduced. In fact it 
is likely that in this fat antioxidant protection is completely absent. If 
a-tocopherol is supplied to these animals in one enormous dose, the keeping 
time is increased, indicating that dietary tocopherols are actually deposited 
in the fat stores and offer protection against oxidation. However, the 
keeping time of fat from rats receiving a normal vitamin E-containing diet 
is not increased by feeding supplemental vitamin E, either as tocopherols 
or wheat germ oil. As the keeping time of a carefully rendered lard may 
be substantially increased by the direct addition of small amounts of 
either mixed tocopherols or wheat germ oil, it is not clear why the keeping 
time of body fat should not be enhanced by ingesting larger quantities of 
the tocopherols. Another factor that makes the interpretation of the 
influence of dietary antioxidants obscure is the observation that ingestion 
of corn oil increases the keeping time of the body fat even though the iodine 
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value of this fat is increased almost 2-fold. The mechanism of stabiliza- 
tion of body fat by dietary antioxidants is certainly not clear, but one 
conclusion does seem to be justified. The naturally occurring antioxidants 
in body fat of the rat cannot be synthesized by the animal, and, therefore, 
like the vitamins, must be supplied by the diet. 


SUMMARY 


1. The natural stability of body fat from rats receiving a normal diet 
can be increased but this increase has been found to be relatively small 
and it is probably due to changes in both glyceride composition and anti- 
oxidant content brought about by alterations in the diet. 

2. Dietary supplements of lettuce, avenex, rice bran, yeast, casein, 
hydroquinone, mixed tocopherols, or wheat germ oil do not increase the 
keeping time of body fat which already possesses a normal stability. 

3. The keeping time of body fat of the rat is markedly reduced by the 
continued ingestion of a diet which is free of vitamin E and other sources 
of fat-soluble antioxidants. It is proposed that, in the rat, antioxidants 
of the body fat are derived solely from the diet. 

4. The ingestion of certain antioxidant substances such as yeast and 
hydroquinone does not restore the normal stability to body fat from vita- 
min E-deficient rats, but a-tocopherol effects such a restoration. 

5. Prooxidants of rancid fat are not stored in the fat depots, but if such 
fat is ingested throughout the growing period of a rat, body fat stability 
is reduced, presumably owing to destruction of the dietary antioxidants. 

6. Naturally occurring antioxidants in the fat depots do not require 
frequent replenishment from the diet, but are stored for relatively long 


periods. 
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ADDITIONAL OBSERVATIONS ON THE CHICK ANTIANEMIA 
VITAMIN* 


By BOYD L. O’DELL anp ALBERT G. HOGAN 


(From the Department of Agricultural Chemistry, University of Missouri, Columbia) 
(Received for publication, May 20, 1943) 


While attempting to devise a simplified ration that is adequate for the 
chick, Hogan and Parrott (1, 2) observed that on certain rations the number 
of red blood cells was distinctly subnormal. The anemia was of the hyper- 
chromic, macrocytic type, and it was due to the lack of an unrecognized 
vitamin which was designated vitamin B,. An aqueous extract of liver 
is one of the best sources of the vitamin. It is adsorbed from acid solution 
on fullers’ earth and is easily destroyed by heat in acid solution. The 
essential features of the above report were confirmed by Mills, Briggs, 
Elvehjem, and Hart (3) who also have shown that chicks maintained on a 
simplified diet require an unrecognized factor to promote growth, hemo- 
globin formation, and normal feathering. 

The purpose of the present investigation was (1) to improve the diet 
used for producing anemic chicks, (2) to develop a technique for the assay 
of vitamin B,., and (3) to obtain additional information on its chemical 
properties. 


EXPERIMENTAL 


Day-old white Leghorn chicks, obtained from the University poultry de- 
partment, were divided into groups of eight and placed in electrically 
heated batteries. Water and the experimental ration were supplied ad 
liitum. The chicks were weighed at regular intervals. When they were 
3 weeks of age, and each week thereafter, blood samples were taken to 
determine the degree of anemia. Very few chicks were anemic at 2 weeks 
of age. The chicks which had not become anemic by the end of the 5th 
week were discarded and the red cell volume was recorded as normal. 


Biological Studies 


Criteria of Anemia—Hogan and Parrott (2) used erythrocyte counts and 
hemoglobin content to determine the degree of anemia, but counting eryth- 
rocytes is quite laborious and there was considerable variability in read- 
ing the visual colorimeter used at the time in making hemoglobin determina- 
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tions. In an effort to eliminate these objectionable features, determination 
of the red cell volume by use of the Van Allen hematocrit tube (4) was found 
to be quite rapid and efficient. In this determination a measured volume 
of blood is mixed in a Van Allen tube with a 1.3 per cent solution of sodium 
oxalate and centrifuged until the erythrocytes are solidly packed. This is 
accomplished by centrifuging for 20 minutes in an International centrifuge, 
size 1, at a speed of 2500 R.P.M. 

In order to determine the relation between red cell count, hemoglobin 
content, and the hematocrit value, these three determinations were made 
on over 60 samples of blood taken at random from chicks on anemia- 
producing rations. The results by all of the methods showed quite close 
correlation. An attempt to derive a mathematical relation between the 
red cell volume in per cent and the red cell count, according to the method 
of Mills (5), gave the equation, C = 8.42 + 10.422, in which C is the red 
cell volume in per cent and E£ is the erythrocyte count in millions per ¢.mm. 
The coefficient of correlation is 0.85. <A similar relationship between the 
red cell volume and the hemoglobin content is expressed by the equation, 
H = 0.66 + 0.18C, in which H is the hemoglobin content in gm. per 100 ce. 
of blood and C is the red cell volume in per cent. The coefficient of corre- 
lation is 0.94, showing that approximately the same degree of anemia is 
indicated by these two methods. 

The relation between the cell volume and the erythrocyte count, and 
between the cell volume and hemoglobin content, is shown in Figs. 1 and 2. 

Fig. 1 shows that as the anemia develops the rate of decrease in cell 
volume is accelerated. This indicates that the cells become larger when 
the anemia begins to develop, though there is no reason to suppose that the 
cells continue to increase in size as the anemia progresses. Presumably the 
same type of curve would be obtained if the large cells disappeared more 
rapidly than those that are smaller. Fig. 2 indicates that as the hemo- 
globin content decreases the cell volume decreases at a constant rate. 

During the first part of the investigation a chick was considered anemic 
when the hematocrit value was 25 per cent or less. It was found that 
assays for the curative agent were more reliable if the cell volume was 
allowed to fall still lower; therefore in the latter part of the study a chick 
was not classed as anemic until the red cell volume reached the arbitrary 
value of 20 per cent by volume. This corresponds to a hemoglobin value 
of 4.26 gm. per 100 cc. of blood and to an erythrocyte count of 1.11 millions 
pere.mm. The normal hematocrit value for thirty-five chicks 3 to 5 weeks 
of age, maintained on a practical diet of natural foodstuffs, was 32 per cent. 
Calculated by the formulae given above this would correspond to an eryth- 
rocyte count of 2.26 millions per c.mm. and a hemoglobin content of 6.42 
gm. per 100 ce. 
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Assay Technique—When the red cell volume fell to 20 per cent, or less, 
the chicks were used to assay experimental materials. They were con- 
tinued on the basal diet, and the preparation to be assayed was adminis- 
tered orally every other day for a 12 day period. The final hematoerit 
reading was taken on the 14th day. Dry preparations were administered 
in gelatin capsules and liquids by pipette. Both positive and negative 
controls were maintained on the basal diet during the assays. The chick 
unit of vitamin B. is defined as the amount that must be administered every 


30 i 


oo ° 








25 














20 | : 
| 











Red Cell Volume (percent) 
a 
—— 





——— 



































2.55 2.10 1.65 1.35 0.90 0.60 0.15 
Erythrocyte Count (Millions per cu. mm.) 


Fic. 1. Red blood cell volume is not a linear function of the red cell count 


other day for six doses to bring the hematocrit reading from 20 per cent 
or below to 30 per cent or above in at least 60 per cent of the chicks. Chicks 
which did not survive the first 5 days of the assay period were disregarded, 
but those which died after the 5th day were classified as failures. 

Rations Used for Production of Anemia—The diets were of the simplified 
type, consisting of casein, corn-starch, salts, lard, vitamins, and a liver 
extract fraction. The diet of Hogan and Parrott contained tikitiki and a 95 
per cent alcohol extract (Liver Extract 3703) of dried pork liver as sources 
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of the B vitamins other than thiamine and riboflavin. As other synthetic 
vitamins became available, it was found that more uniform results were 
obtained when tikitiki was omitted and pyridoxine was included. How- 
ever, the alcoholic liver extract could not be dispensed with until quite 
recently, when it was found that it could be replaced by biotin and other 
known members of the vitamin B complex. As previously mentioned, 
during the first part of this investigation the chicks were considered anemic 
when a hematocrit value of 25 per cent by volume was reached instead of 


36 





















































= , | 
31 ; a Se | 
1) ae | 
7) 3 | 
° ee ° 
26 dled om 5 
= 21 : N | a 
i » ii ale 
E NR 
3 16 
> a ° 
8 © ee 
3 11 ns 
K 
6 
7,40 6.80 5.90 5.30 4.40 3.80 2.90 2.30 


Hemoglobin Content (grams per 100 cc) 


Fia. 2. Red blood cell volume is a linear function of the hemoglobin content 


the present standard of 20 per cent. The data will therefore be presented 
in two sections, corresponding to the standard by which the chicks were 
classified as anemic. 

1. A red cell volume of 25 per cent was the standard. Table I gives the 
composition of diets employed during this part of the study. Tikitiki was 
first replaced by pyridoxine in Ration 6636. This diet contained only 
100 y of pyridoxine in addition to that supplied by Liver Extract 3703. 
Optimum growth is not supported by this amount, but large amounts 








w- 


‘ 














B. L. O’DELL AND A. G. HOGAN 


of the vitamin apparently decrease the incidence of anemia. 
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This is 


indicated by a comparison of the response of chicks from a flock restricted 
to dry feed which received Rations 6636 and 6637, shown in Table II. 


TABLE I 
Composition of Rations 


Constituents 


Casein 

Corn-starch 

Salts* 

Cellu flour 

Lard 
Cod liver oil . 
Wheat germ oil 

Liver extract 3703 

Vitamins added per 100 gm. ration 


Thiamine hydrochloride 
Riboflavin 

Pyridoxine hydrochloride 
Calcium pantothenate 
Choline chloride 





Ration 6636 


per cent 


35 
43 


_ 


2 wo - tw 1 w 


= 
S 
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oo 





Ration 5056 








* A modification of Salt Mixture 351, described by Hubbell, Mendel, and Wake- 
man (6). 2.5 gm. of manganous sulfate, MnSO,-4H,O, were added to 100 gm. of 


Salt Mixture 351. 

















Taste II 
Incidence of Anemia As Affected by Diet of Laying Flock and of Experimental Chicks 
. : Average 

Rat : | No. of | : 

No. Source of chicks | chicks® | pe pay 

wy ner ar 
6636 Winter flock allowed open range | 348 74 
6636 Summer “ ss " - 70 87 
6636 ” ‘* restricted to dry feed 74 73 
6637 ‘é se ce “ce “ce se 16 90 
5056 Winter ‘ allowed open range 67 70 





* Number surviving at the end of the Ist week. 


t A red cell volume of 25 per cent or less at the end of the 5th week. 





Mor- | Ane- 
tality | mict 
per cent | per cent 
27 62 
34 40 
20 70 
6 31 
| 45 | 45 





Ration 6637 was the same as Ration 6636 except that it contained 300 y 
of pyridoxine. Approximately 70 per cent of the chicks from the summer 
flock maintained on Ration 6636 became anemic, while only 31 per cent 
became anemic on Ration 6637. The higher level of pyridoxine markedly 


decreased the mortality rate. 
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Ration 6636 was first employed in the winter months, and during this 
time about 62 per cent of the chicks became anemic. However, as the 
spring and summer months came on, the incidence of anemia decreased, 
dropping to 40 per cent of the total, as is shown in Table II. Although the 
hens from which the eggs were obtained were allowed free range throughout 
the year, they would not be able to obtain as much green feed during the 
winter as during the summer. It was suspected, therefore, that the anti- 
anemia factor was being stored in the egg from the green feed which the 
hens consumed during the summer months. To test this hypothesis part 
of the summer flock was kept indoors and fed a practical laying ration of 
natural feeds. Ration 6636 was fed to chicks from this flock and the inei- 
dence of anemia increased to 70 per cent, which is slightly better than was 
obtained during the winter months with the flock on open range. Thus it 
appeared that the factor is abundant in green feeds and is stored in the egg. 
Thereafter the chicks were obtained from hens restricted to dry feed. 

As more synthetic vitamins became available, an effort was made to 
dispense with Liver Extract 3703. Ration 5056, containing thiamine, 
riboflavin, pyridoxine, pantothenic acid, and choline, but no liver extract, 
is an example of such an attempt. The rate of growth was about the same 
as on the other type of diet, but the mortality rate was excessive. As will 
be shown later, this was probably due at least partially to a biotin defi- 
ciency. 

2. A red cell volume of 20 per cent was the standard. It is unnecessary 
to point out that the use of this standard decreased to some extent the 
percentage of chicks which were classed as anemic. The composition of 
the rations used during this phase of the investigation is shown in Table IIL. 

In an effort to produce a larger number of chicks that were useful for assay, 
Ration 6636 was modified in various ways. The level of pyridoxine was 
increased to 0.3 mg. per 100 gm. of diet, though the change decreases 
slightly the incidence of anemia. However, the mortality rate is reduced, 
and since the survivors are superior test animals the over-all effect is ad- 
vantageous. Furthermore, the wheat germ oil and cod liver oil were re- 
placed by 2-methyl-1,4-naphthoquinone, a-tocopherol, and a vitamin 
concentrate which contained vitamins A and D. The effect on the inei- 
dence of anemia due to the addition of sulfaguanidine to the diet was also 
studied. Our observations are summarized in Table IV. 

It will be noted that in addition to the column showing the percentage 
of anemic chicks, a column is included which indicates the percentage of 
chicks which were usable for assay purposes. A useful chick is defined as 
one which has a red cell volume of 20 per cent or less and survives the first 
5 days of the period during which supplements are administered. This 
information is helpful in evaluating a basal ration, since a diet may produce 




















Taste III 
Composition of Rations 











Ration No. 
Constituents i vivecwe wre DEP ere se hE See 
oot =| «= 6385) | S554 6582 
per cent per cent per cent per cent 
Casein j ’ 35 35 25 25 
Gelatin. . Chet ncaa 10 10 
Corn-starch ’ * 13 13 
Dextrin 56 56 
Cellu flour 3 3 
Lard. 12.5 12.5 
Soy bean oil $.5 
Wheat germ oil 1.5 
Salts* 4 | 4 4 
Liver Extract 3703 2 2 
Mixture 6092 (vitamins A, D, E, K)ft 0.5 0.5 0.5 0.5 
Vitamins added per 100 gm. ration 
me mg. me me 
Thiamine hydrochloride 0.4 0.4 0.4 0.4 
Riboflavin tied 0.8 0.8 0.8 0.8 
Pyridoxine hydrochloride 0.3 0.3 0.3 0.3 
Calcium pantothenate 2 2 2 2 
Choline chloride 200 200 200 200 
Nicotinic acid 10 | 10 
Inositol wy 100 100 
7 7 


Biotin (S. M. A. No. 200) Pe we 10 10 


* See foot-note to Table I. 

+ 0.5 per cent of Mixture 6092 furnished 7250 1.v. of vitamin A, 7251.v. of vitamin 
D, 0.1 mg. of 2 methyl-1,4-naphthoquinone, and 8 mg. of a-tocopherol. Natola, sup- 
plied by Parke, Davis and Company, was dissolved in corn oil and served as the 
source of vitamins A and D, while vitamins E and K were added as synthetic 
compounds. 


TaBLe IV 


Incidence of Anemia As Affected by Diet of Experimental Chicks 








Ration No er: ~ wns No. of chicks* weight, Mortality Anemict | ms 
per cent em. per cent j per cent per cent 
6091 0 206 95 21 re | 21 
6091 2s | @ 23 60 | 39 
6385 0 88 81 13 24 14 
6385 0.5 137 67 28 37 21 
6385 0.25 S.-i Becub i: hae 
6554 57 | 2 ee ee 








* Number surviving at the end of the Ist week. 
t A red cell volume of 20 per cent or less at the end of the 5th week. 
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a high proportion of anemic chicks but be impractical because of a high 
mortality rate during the assay period. 

It should be stated that there is considerable variation in the incidence 
of anemia. This is probably due to at least two factors: (1) the chicks 
themselves, and (2) the alcoholic extract of liver, No. 3703. That the 
source of the chicks affects the incidence of anemia has already been shown, 
Even when the diet of the hen is controlled, there is variation in the chicks 
from one hatch to another. Although the liver extract is prepared in as 
nearly the same manner as possible each time, the chicks do not respond 
to different preparations in exactly the same way. Ration 6091, which 
contains 0.3 mg. of pyridoxine per 100 gm. of diet and the vitamin A, D, E, 
and K mixture instead of the oil carriers, produced a rather low incidence 
of anemia, 25 per cent. However, it should be mentioned that although 
relatively few chicks were anemic according to the arbitrary standard many 
of the others had low hematocrit values and might be classed as anemic 
under less severe standards. Ration 6385 is similar to Ration 6091 except 
that it does not contain choline. The incidence of anemia on this ration 
was about the same as on Ration 6091, but the percentage of usable chicks 
was somewhat lower. 

The inclusion of sulfaguanidine in some of the rations was based on the 
theory that bacterial synthesis in the alimentary tract might make the 
antianemia factor available to the chick and thus reduce the incidence of 
anemia. Since Black, McKibbin, and Elvehjem (7) have used sulfa- 
guanidine successfully to prevent bacterial synthesis in the intestine of the 
rat, this drug was added to the chick rations at the levels indicated in 
Table IV. When it was added ‘to Ration 6091 at a level of 1 per cent, the 
incidence of anemia was increased from 23 to 60 per cent without an increase 
in mortality. There was a decrease in weight, presumably because of a 
reduction in the number or amount of vitamins that were available to the 
chick. The chicks would still respond to treatment with the vitamin B, 
concentrates, which indicates that it was not entirely a toxic effect. The 
addition of 0.25 per cent sulfaguanidine to Ration 6385 increased the anemia 
from 24 to 53 percent. The addition of 0.5 per cent did not prove as useful 
as 0.25 per cent because of a higher mortality rate. 

Almquist, Stokstad, Mecchi, and Manning (8) and Hegsted et al. (9) 
have shown that chicks require more glycine and arginine than is supplied 
by casein. Since our basal diet appeared to be deficient in these amino 
acids, 10 per cent gelatin was substituted for that amount of casein in 
Ration 6554. This change improved the growth rate and feathering, and 
thus produced a better test animal. Another improvement was made by 
discarding Liver Extract 3703, and adding a biotin concentrate.' This 
modification eliminated one of the variables, the liver extract, and made it 


1 Concentrate No. 200, obtained from the 8. M. A. Corporation. 
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possible to obtain a high incidence of anemia without the use of sulfa- 
guanidine. Furthermore the chicks produced were superior in appearance 
and the mortality rate was reduced. 

When the new type of diet, Ration 6554, containing the biotin concen- 
trate was first tried, soy bean oil was used as a source of fat. Although this 
diet produced a fairly high proportion of anemic chicks, our past experience 
indicated that the substitution of wheat germ oil for soy bean oil increased 
the incidence of anemia. It was decided therefore to study the effect of 
various sources of fat on the incidence of anemia among chicks under ob- 
servation at the same time. These data, not included in Table IV, are 
summarized in Table V. 

Evidently chicks may at times become severely anemic on rations that 
contain soy bean oil, but up to the present the results indicate that the 
anemia develops much more consistently when the soy bean oil is replaced 
by wheat germ oil. Ration 6632 is similar to Ration 6582 except that the 


TABLE V 


Incidence of Anemia As Influenced by Source of Fat in Diet 


: : Average 
— Source of fat ae of weight, Mortality | Anemic Usable ; 
No. chicks Sod ok for assay 
gm. percent | per ceni per cent 
6554 Soy bean oil, 4.5% 47 97 21 38 30 
6582 Wheat germ oil, 4.5% 416 87 15 65 59 


6632 Lard, 4.5% 15 67 33 66 20 


wheat germ oil is replaced by lard. When lard was used as a source of fat, 
all of the surviving chicks became anemic, but the growth rate was low 
and the mortality rate was quite high. Since many of the chicks which 
became anemic died within a week, the percentage usable for assay was 
very low. It appears that the oils contain a factor essential for chicks 
maintained on this type of diet and that it is more abundant in soy bean oil 
than in wheat germ oil. It may not be identical with vitamin B.. 

Although the chicks develop anemia more readily when the liver extract 
is omitted, it is also true that they respond to treatment less readily. This 
difference may be due to the vitamin B, content of the liver extract, or to 
some other limiting factor which is supplied by this extract. 


Chemical Studies 
Fractionation Procedures*—An aqueous extract of beef liver seemed to be 


the most potent source of the vitamin. In most of the fractionation studies 


*A preliminary announcement of the isolation of crystalline vitamin B, was re- 
cently reported (10). 
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an extract prepared according to the following procedure was used. 50 
pounds of fresh, ground beef liver were stirred with 15 gallons of boiling 
water adjusted to pH 4.0. The temperature was maintained at 90° for § 
to 10 minutes; then the solution was allowed to settle. The supernatant 
liquid was decanted off and the residue filtered. This process was repeated 
with 10 gallons of water. The combined extracts (No. 4978) were con- 
centrated in vacuo to approximately 4 liters, and sufficient 95 per cent al- 
cohol was added to make a 50 per cent solution. The precipitate from this 
treatment was washed three to four times with 50 per cent alcohol and the 
washings were added to the original filtrate. The 50 per cent alcohol- 
soluble portion (Extract 4979) was concentrated to a syrup in vacuo, and 
constituted the source material for further fractionation. A curative unit 


Ground beef liver 


Aqueous extraction at pH 4 








Residue Extract (No. 4978) 
Alcohol added to 
50% by volume 


| 
lhe 





50% alcohol-soluble 50% alcohol-insoluble 
portion portion 
(Extract 4979) (Extract 4980) 


of Extract 4979 was 400 mg. In more recent work an aqueous extract of 
pork liver corresponding to Extract 4978* has been used. 

The procedure for the preparation of a concentrate of vitamin B, is as 
follows: 1 kilo of Extract 4979 is dissolved in 10 liters of water and the 
solution is adjusted to pH 1 with dilute sulfuric acid. Any insoluble residue 
is removed by decantation and centrifuging. 200 gm. of English fullers’ 
earth are added to the filtrate and stirred for 1 hour. The earth is removed, 
washed three times with water, and the process is repeated with another 
200 gm. of fullers’ earth. The combined adsorbates are then eluted with 
0.2 N ammonium hydroxide, three portions of 3 liters each being used. 
The combined eluates are concentrated to a syrup under reduced pressure. 
The material contains 1 unit in 40 mg. and represents a yield of about 45 
per cent of the activity in the original extract. It is then dissolved in 
water to make a 5 per cent solution, adjusted to pH 1, and the flocculent 
material that does not dissolve is removed by centrifuging. The clear 


‘Supplied by Parke, Davis and Company. 
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filtrate is then adsorbed three times with a total amount of Super Filtrol* 
equivalent to twice the weight of solids. After washing, the filter cake is 
eluted with 1 per cent ammonia in 50 per cent alcohol, with three portions 
of 800 cc. each. The eluates are combined and concentrated to a con- 
venient volume. A unit of this material is about 15 mg., corresponding to 
a recovery of about 80 per cent of the activity of the previous fraction. In 
some cases precipitation with phosphotungstic acid was introduced at this 
point. The material is dissolved in water to make a 5 per cent solution 
and is adjusted topH 1. A 10 per cent sodium phosphotungstate solution 
is added to the point of maximum precipitation. The mixture is allowed to 
stand in the refrigerator overnight, and the precipitate is centrifuged off 
and washed several times with water. The precipitate is decomposed by 
grinding in a mortar with a paste of barium hydroxide, and then extracted 


TaBLe VI 


Concentrates Prepared from Liver Extract 4979 


Concentration 








Description effected Recovery 

per cent 
Eluate from readsorption with Super Filtrol. 20 36 
10% ammonia eluate of norit adsorption at pH 3....... | 7 22 

10% 7 2 ‘* Amberlite [R4* adsorption at pH | 

ics tale 6 al 4 40 
Barium hydroxide ppt. ; | 2 25 
Zine sulfate ppt... ... Sait 4 36 
Phosphotungstic acid ppt. 5 50 
Residue from cold methanol extraction 2 60 
5 | 95 


| 


Methanol ppt. of phenol solution. 





* The use of Amberlite IR4 was suggested by Dr. J. J. Pfiffner. 


with a hot solution of barium hydroxide. This process is repeated until no 
more color is removed. The barium is removed from both the filtrate and 
the decomposed precipitate as barium sulfate. A unit of the phospho- 
tungstic acid precipitate is 7 mg. and approximately 70 per cent of the 
activity of the previous fraction is recovered. This is about the same 
degree of concentration as is obtained by a second readsorption on Super 
Filtrol. The over-all yield is about 25 per cent, and the factor has been 
concentrated 55 to 60 times. 

Other procedures which have effected some concentration of the factor 
when applied to Extract 4979 are presented in Table VI, but in most cases 
the recovery was too low to make the procedure useful for the purpose of 


‘The Super Filtrol was obtained from the Filtrol Corporation, 315 West Fifth 
Street, Los Angeles. 
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preparing a concentrate. Phosphotungstic acid precipitation offers some 
promise, but the use of this reagent would not be practical in the precipita- 
tion of crude extracts. The precipitation of a phenolic solution of the 
anti-pernicious anemia factor with a Jarge volume of methanol was found 
useful by Ungley (11) in preparing concentrates of that factor. This 
procedure also proved helpful in concentrating vitamin B.. 

Properties of Vitamin B.. Stability—The factor is much more stable in 
alkaline than in acid solution. Approximately 50 per cent of the activity 
is lost by allowing a solution at pH 1 to stand at room temperature for 72 
hours. At least 80 per cent of the activity is lost by acid autoclaving for 
2 hours, whereas less than 50 per cent is destroyed by alkaline autoclaving, 
Less than 30 per cent of the factor is destroyed by standing in a 5 per cent 
solution of hydrogen peroxide at room temperature for 12 hours. 

Precipitants— The factor is partially precipitated from a 10 per cent solu- 
tion of Extract 4979 with salts of lead, mercury, barium, zinc, and silver. 
Considerable loss is associated with lead and mercury precipitation. How- 
ever, no loss is sustained in precipitation with zinc, but less than 40 per cent 
of the factor is precipitated. 

Phosphotungstic acid gives almost complete precipitation. 

Solubility—-The factor as it occurs in crude concentrates is insoluble in 
the common organic solvents such as ether, chloroform, pyridine, ethanol, 
butanol, and acetone. It is very slightly soluble in dioxane and quite 
soluble in glacial acetic acid, phenol, and hot methanol. 

Adsorbents—The factor is much more completely adsorbed on fullers’ 
earth from acid than from alkaline solution, but there is considerable loss 
associated with acid adsorption. Since the factor is quite labile to acid, 
the loss during adsorption can be at least partially attributed to destruction 
by hydrogen ions. However, acidification following the preliminary ad- 
sorption does not lead to such marked losses. In view of the fact that the 
factor is destroyed at pH 1, attempts were made to adsorb it on fullers’ 
earth from more alkaline solutions. Less than one-third as much of the 
activity was recovered by adsorption at pH 3.4 as at pH 1, owing to in- 
complete adsorption. Practically none is adsorbed at pH 7. Readsorp- 
tion was carried out effectively with Super Filtrol which gave a 2- to 3-fold 
concentration and recovered approximately 80 per cent of the activity. 
The factor is completely eluted from fullers’ earth with a dilute ammonia 
solution. 

Norit, Nuchar, and Darco will remove the factor almost completely from 
solution at pH 5, but the recovery was unsatisfactory. It was not deter- 
mined whether the loss was due to destruction or to incomplete elution. 
The factor is eluted with difficulty, 5 to 10 per cent ammonia being 
required for the most complete elution. 
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Amberlite IR4, an acid adsorbent described by Myers, Eastes, and Myers 
(12), adsorbs the vitamin, and it may be eluted with 5 per cent ammonia to 
give a 40 to 50 per cent recovery. Apparently aluminum oxide adsorbs 
the factor, but it has not yet been possible to recover it. Permutit and 
kaolin have not shown any promise as adsorbents. 

Comparison of Vitamin B. with Other Antianemia Factors—Simmons and 
Norris (13) have reported that xanthopterin will cure a nutritional anemia 
which develops in Chinook salmon maintained on a high protein diet. 
Inasmuch as the properties of xanthopterin resembled those of vitamin B., 
it was prepared synthetically according to the method of Purrmann (14). 
It showed no curative action on the chick anemia. 

A sample of a potent fraction® containing the anti-pernicious anemia 
factor showed no activity for the chick. 


DISCUSSION 


This investigation confirms the conclusions reported by Hogan and 
Parrott (2), but there is one discrepancy that may require some comment. 
The incidence of anemia they observed was higher than that given in this 
report. In explanation it may be stated that (1) the percentage of anemic 
chicks reported by Hogan and Parrott was based on the number of chicks 
that survived, while in this paper it is based on the total number started; 
(2) in order to have chicks that are more suitable for assay purposes the 
standard for anemia was made more severe; (3) all of the observations of 
Hogan and Parrott were made in the winter and early spring, when pre- 
sumably the laying flock did not have access to green feed; the data 
reported in this paper were collected throughout the year. 

Some of the known vitamins seem to influence the production of the 
anemia. For example there is some reason to believe the incidence is 
higher when pyridoxine is supplied at a low level. Presumably this vitamin 
does not exert a specific effect, but it is possible that it aids in the bacterial 
synthesis of the antianemia vitamin in the intestine. 

Evidence is presented to show that the factor is transmitted through the 
egg to the chick and that it is more abundant in green than in dry feeds. 
For this reason it is advantageous to restrict the hatching flock to dry feeds 
only, in order to obtain more suitable experimental chicks. 

The recent work of Black, Overman, Elvehjem, and Link (15), in which 
they fed sulfaguanidine to rats, shows that there is another factor required 
by the rat when bacterial synthesis in the intestine is inhibited. Our data 
show that the chick develops anemia more readily when sulfaguanidine is 
supplied in the diet. However, since sulfaguanidine may be slightly toxic, 
it is preferable to omit it if a suitable diet can be formulated that does not 


* This fraction was kindly supplied by Dr. Y. Subbarow. 
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contain the drug. Such a diet can be prepared by including wheat germ 
oil as a source of fat, by adding biotin to the vitamin combination, and by 
omitting the alcoholic extract of liver. 

The properties of the substance described by Black et al. (7) as being 
required by the rat are very similar to those exhibited by vitamin B,. 
The properties of the antianemia vitamin as indicated by its adsorption 
behavior and by salt formation with various bases indicate an acid. The 
precipitation with phosphotungstic acid indicates basic properties, although 
it is possible that the factor is merely adsorbed on the precipitate formed 
by the phosphotungstic acid. The factor is very labile to acid, but some- 
what more stable toward alkali. It is not easily destroyed by oxidation. 
One of its salient characteristics is insolubility in the common organic 
solvents. 

Mills, Briggs, Elvehjem, and Hart (3) have called attention to the 
similarity in the properties of the eluate fraction required by Lactobacillus 
casei ¢, the factor U of Stockstad and Manning (16), folic acid described by 
Mitchell, Snell, and Williams (17), and vitamin B,. The properties of the 
factor required for lactic acid bacteria, which was described by Hutchings, 
Bohonos, and Peterson (18), are very similar to those of vitamin B, in 
all points investigated. Both factors are quite labile to acid, are precipi- 
tated by heavy metals, are adsorbed on fullers’ earth and norit, and are 
insoluble in the common organic solvents. 


SUMMARY 


1. A diet has been developed which will produce a severe anemia in at 
least 50 per cent of the chicks. 

2. A technique has been devised for the assay of the factor, essential in 
chick nutrition, which prevents the anemia. 

3. Sulfaguanidine increased the incidence of anemia under the experi- 
mental conditions imposed at that time. 

4. Vitamin B. is acidic in nature and forms salts with heavy metals. It 
is destroyed by mineral acids (pH 1) but is more stable to alkali. It is 
adsorbed from acidic solution by a variety of adsorbents and can be eluted 
by ammonia. It is insoluble in the common organic solvents. 
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STABILITY OF THIAMINE TO HEAT 
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It has been known for some time that thiamine is less stable to heat in 
alkaline solution than in acid solution ((1) p. 104, (2)). Solutions of 
thiamine at pH 3 and 6 are said to be unaffected on heating for 30 minutes 
at 100° (2). They are reported to be unaffected by sterilizing at pH 3.5 
for 1 hour at 100°, or 20 minutes at 120° (2). Sherman and Burton (3) 
found that tomato juice lost 20 per cent of its thiamine content during 
4 hours heating at 100° at the natural pH of 4.28, but when the pH was 
raised to 9.2, the destruction was 60 to 70 per cent in 1 hour. Keenan, 
Kline, Elvehjem, and Hart (4) showed that. vitamin B, in yeast, liver, and 
in a natural grain ration was inactivated completely by autoclaving for 
5 hours. Eddy, Kohman, and Carlsson (5) stated that no cooking or 
canning process affects appreciably the content of vitamins A and B in 
green peas, while the Medical Research Council stated ina special report (6) 
that canned foods of all descriptions may contain very little or no vita- 
min By. 

It is apparent from the above statements that there are factors involved 
in the destruction of thiamine by heat which are little understood, since 
losses of thiamine may occur in one food but not in another, during similar 
processing, and since different workers draw different conclusions from 
experimental data on the effects of processing of foods. As an aid to the 
more complete understanding of the problem it is of interest to make a 
systematic study of the behavior of pure thiamine at various pH values in 
different buffer solutions. Such a study should indicate whether or not 
the destruction of pure thiamine due to heat is a factor of pH only, or 
whether the buffer system itself is of importance in determining the amount 
of destruction. The purpose of this paper is to present the results of such 
a study as were obtained in a series of experiments with pure thiamine. 


EXPERIMENTAL 
The pH values of the solutions were determined by means of a Leeds 
and Northrup type 7661-Al instrument, with which it is easily possible to 


* Presented before the Division of Agricultural and Food Chemistry at the One- 
hundred-fifth meeting of the American Chemical Society at Detroit, April 13, 1943. 
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reproduce values to within 0.05 pH unit. All solutions were subjected to 
pH determination both before and after treatment. 

The thiamine assays were made by the thiochrome procedure for estima- 
tion of thiamine, as outlined by the Research Corporation Committee (7) 
and by spectrophotometric examination of the ultraviolet absorption 
spectra. The spectrophotometric studies were conducted by means of a 
model DU Beckman photoelectric spectrophotometer, having quartz optics, 
with a hydrogen discharge tube as the source of continuous radiation in 
the ultraviolet. 

The absorption spectrum of thiamine is known to be affected by the pH 
of the medium ((1) p. 103, (8-14)). It was found, however, that the ab- 
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sorption curve is so radically affected by small changes in pH that duplica- 
tion of data was not possible unless the pH values were controlled very 
closely, to about 0.05 pH unit. Fig. 1 shows typical absorption data 
obtained for aqueous solutions of pure thiamine chloride hydrochloride 
as supplied by Merck and Company, Inc. (in the remainder of this paper 
the term “thiamine” refers to thiamine chloride hydrochloride). The 
specific absorption coefficients were calculated from the Lambert-Beer 
equation (15), log Io/I = acl, where Jo = the intensity of radiation trans- 
mitted by the solvent, J = the intensity of radiation transmitted by the 
solution, a = the specific absorption coefficient, c = the concentration in 
gm. per liter, and / = the length of solution in cm. 

At the wave-length 2600 A. (an analytical point selected by the authors 
for analysis of binary systems in another study), the relation between the 
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specific absorption coefficient and the pH of the aqueous solution was 
studied. Fig. 2 shows this relationship graphically, between pH 1 and 11. 
Through the use of this curve, the specific absorption coefficient may be 
readily learned for the pH values of the solutions being examined. It may 
be seen in Fig. 2 that the absorption coefficient at this wave-length decreases 
rapidly as the pH rises from 3 to 5.5, remains fairly constant between 
pH 5.5 and 7.5, then increases rapidly as the pH rises from 7.5 to 10. 

The solutions of thiamine used throughout the series of studies were 
prepared by the addition of 10 ml. portions of a stock solution, containing 
100 y of pure thiamine per ml., to 100 ml. volumetric flasks. The flasks 
were then filled almost to the mark with water (or the aqueous buffer 
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solution), final adjustment of pH made, and the flasks filled to the mark. 
This procedure yielded solutions containing 10 y of thiamine per ml., a 
concentration well within the range of that reported in many meats and 
other foodstuffs. Aliquots of these solutions were then placed in smaller 
flasks and immersed in boiling water for the desired time, after which they 
were cooled rapidly to room temperature. Spectrophotometric examina- 
tions and chemical analyses were then made on aliquots of the solutions 
both before and after the heating period. 

The unbuffered solutions were brought to the desired pH by the addition 
of 0.01 n sodium hydroxide or 0.01 n hydrochloric acid, as required. At 
extreme pH values more concentrated reagents were required. The pH 
of thiamine in distilled water at a concentration of 10 y per ml. is about 4.25. 

The buffer solutions were prepared according to the so called standard 
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Fic. 3. Effect of heat on thiamine in solution. Curve | represents borate buffer; 
Curve 2, unbuffered solution after heating for 60 minutes; Curve 3, unbuffered solu- 
tion after heating for 30 minutes; Curve 4, acetate buffer; Curve 5, phosphate buffer 
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methods (16, 17). The acetate solutions were those of Walpole (17), the 
borate solutions were those of Palitzsch (17), and the phosphate solutions 
those of S¢rensen (16). At pH values outside the ranges covered by the 
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buffer systems, sodium hydroxide or hydrochloric acid was added to obtain 
the desired pH in the presence of the buffer salts. 

Fig. 3 is a graphic portrayal of the results obtained in unbuffered solution 
after heating in boiling water for periods of 30 minutes and 60 minutes, 
respectively, and in the buffer solutions after a heating period of 60 minutes. 

Figs. 4, 5, and 6 present typical spectrophotometric data obtained on 
the solutions before and after the heating periods. While the curves in 
these figures were obtained on phosphate solutions, the same results were 
obtained in the unbuffered series and in the borate series. Lack of space 
does not justify presenting all of them. It was not practical to attempt 
spectrophotometric interpretation of the acetate solutions owing to strong 
absorption by the acetate ion at wave-lengths shorter than 2500 A. all 
the absorption spectra except those of Fig. 1 are plotted with the logarithm 
of log J)/J as the ordinate, and wave-length in A. as the abscissa, for the 
purpose of ease in comparison. Changes in concentration result merely in 
moving the curve to a different height on the ordinate, without altering 
its shape (18). Absorption measurements were reproducible within about 
| per cent. 

DISCUSSION 

The data presented in this report represent nearly 200 thiamine analyses. 
While an occasional analysis failed to fall exactly on the curves shown in 
Fig. 3, such instances were rare and are believed by the authors to be due to 
inherent errors in the thiochrome method or the technique of the operator. 
It was estimated as the result of analyses on known solutions that indi- 
vidual results may vary about 5 per cent from the known, or a total of 
about 10 per cent between the extremes. As is evidenced by Fig. 3, all 
of the curves are so steep that the pH effect in each instance is far greater 
than this, even within rather narrow limits. The destruction of thiamine 
rises from 0 to 100 per cent within 2 or 3 pH units. 

The effect of variations in the electrolyte system at a given pH on the 
stability of thiamine to heat is striking. For example, at pH 5.4, as shown 
in Fig. 3, there was 100 per cent destruction of the vitamin during | hour’s 
heating in the presence of borates, 60 per cent destruction in unbuffered 
aqueous solution, 10 per cent in the presence of acetates, and about 3 per 
cent in the phosphate solution. At pH 7, there was 100 per cent destruc- 
tion in the unbuffered solution and in the borate and acetate solutions, 
while only 40 per cent of the thiamine was destroyed under similar condi- 
tions in the phosphate solution. The effect of time on destruction of 
thiamine in unbuffered solution is illustrated by the figures at pH 6.0. 
All the vitamin was destroyed during 1 hour’s heating, while about 50 
per cent was destroyed in the 30 minute period. When these samples 











344 STABILITY OF THIAMINE TO HEAT. I 


were allowed to stand for as long as 10 days in the refrigerator (5°) without 
going through the heating period, no losses were observed either in the 
unbuffered or the buffered solutions. 

It can hardly be concluded from the above that the destruction igs 
simply a salt effect, for in this instance the amount of destruction should 
have been the least in the unbuffered solutions, where the least amount of 
salt was present. 

A quantitative comparison of the spectrophotometric data on thiamine 
presented in Fig. 1 with the values in the literature cannot be made in most 
instances, owing to difficulty in interpolating the values published graphi- 
cally and also to lack of sufficient data regarding the pH and solvent. 

Melnick (14) has published molecular extinction coefficients for thiamine 
at pH 7.4 in phosphate buffer solution, using a Bausch and Lomb medium 
spectrograph. His values were 10,250 and 6000 at the maxima 2350 and 
2650 A., respectively. The values obtained in this laboratory for the thia- 
mine used in these studies with the photoelectric spectrophotometer were 
10,843 and 8383 at the above wave-lengths, at pH 7.4, in Sg¢rensen’s phos- 
phate solution. Values obtained on a sample of v.s.p. reference standard 
thiamine were 10,885 and 8290 under the same conditions. 

There is considerable evidence that chemical methods of assay for 
thiamine are not completely reliable ((1) p. 128-130); therefore, one may 
well suspect that the ions present in the various buffer series encountered in 
these experiments may have interfered with the thiochrome procedure, 
thereby vitiating the conclusions regarding the losses in the various systems. 
The spectrophotometric examinations typified in Figs. 4, 5, and 6 were 
made as a means of establishing whether or not destruction of thiamine 
actually occurred when indicated by the thiochrome assay. No instances 
were found in which the spectrophotometric data were contrary to those 
obtained by the thiochrome method. When no destruction of thiamine 
was indicated by the thiochrome method, the absorption curves from solu- 
tions before and after heating were perfectly superposable, matching at all 
points, as shown in Fig. 4. When losses were found by the thiochrome 
method, the absorption curves indicated the destruction by shifts in the 
curve both as to height and points of maxima, as shown in Figs. 5 and 6. 
The greatest changes in the absorption spectra were found in those solutions 
in which destruction was greatest, as determined by the thiochrome proce- 
dure. This indicates that under the conditions encountered the thiochrome 
method was reliable as an index of the thiamine present. No bioassays 
were made. 

It is interesting to note that in all instances in which complete destruction 
of thiamine occurred the resulting solutions yielded characteristic absorp- 
tion spectra, as shown in Fig. 6. The fact that these spectra closely resemble 
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the spectra of compounds of the pyrimidine type similar to the pyrimidine 
nucleus of thiamine leads one to the conclusion that the destruction in all 
the instances investigated did not break down the pyrimidine component of 
the molecule. It has been stated that sulfites cause cleavage of the thia- 
mine molecule (19, 20), also that barium nitrite and possibly sodium acetate 
eause this same cleavage (21, 22). The authors found the absorption char- 
acteristics mentioned above in all the buffers examined, as well as in the 
unbuffered solution to which no salts had been added but in which complete 
destruction of the thiamine was indicated. While it must be remembered 
that the absorption curve shown in Fig. 6 is probably complicated by the 
thiazole residues, its similarity to the pyrimidine curves of Uber and Ver- 
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brugge (13) is interesting. Through the courtesy of Dr. Randolph T. 
Major of Merck and Company, Inc., the authors obtained samples of the 
substituted pyrimidine and thiazole compounds from which thiamine is 
synthesized. The absorption spectrum of the pyrimidine component in 
phosphate buffer at pH 8.3 is shown in Fig. 7, together with the spectrum of 
the thiazole. The similarity of the pyrimidine curve to the lower curve in 
Fig. 6 is apparent. The sulfite cleavage products have been shown to 
possess no vitamin B, activity (19, 20). But more recent studies (23, 24) 
indicate that synthesis of thiamine from the cleavage products may occur 


in the digestive tract. 
The data presented here, while not complete in the sense of covering all 
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natural buffers, indicate the need for caution in making generalizations in 
regard to the stability of thiamine under various conditions of processing, 
The varying results reported by workers on different foods may quite pos- 
sibly be due not only to variations in pH within the tissues, but also to 
variations in the electrolyte systems and possibly to other factors such as the 
protein systems involved. It has been noted that thiamine is more stable 
in biological tissues than in pure solution (25). Williams (21) has suggested 
that possibly cocarboxylase (the pyrophosphoric acid ester of thiamine) 
may exhibit a stability to heat different from that of pure thiamine. Green- 
wood, Beadle, and Kraybill (26) have found that certain proteins exert a 
strong protecting action on thiamine, and that cocarboxylase is only 
slightly more stable to heat than is thiamine. 


SUMMARY 


Results of chemical and spectrophotometric examination of nearly 200 
solutions of pure thiamine indicate that the stability of thiamine to heat is 
a function not only of pH but also of the electrolyte system involved. At 
pH 5.4, during 1 hour’s heating in boiling water there was 100 per cent 
destruction of the thiamine in the presence of borates, 57 per cent destruc- 
tion in unbuffered aqueous solution, 10 per cent destruction in the presence 
of acetates, and 3 per cent in phosphate solution. In each type of solution, 
destruction rose from 0 to 100 per cent within the range of 2 to 3 pH units 
during 1 hour’s heating period. 
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STABILITY OF THIAMINE TO HEAT 


II. EFFECT OF MEAT-CURING INGREDIENTS IN AQUEOUS SOLUTIONS 
AND IN MEAT* 


By D. A. GREENWOOD, B. W. BEADLE, anv H. R. KRAYBILL 


(From the Research Laboratory, American Meat Institute, University of Chicago, 
Chicago) 


(Received for publication, May 3, 1943) 


Meats, especially lean pork, constitute one of the important natural 
sources of thiamine for man. Cured meats, in addition to fresh meats, are 
consumed in large quantities by men in the armed forces and by civilians. 
The vitamin content of foods in relation to processing and other variants 
has been summarized recently by Booher, Hartzler, and Hewston (1), in- 
vestigators at the University of Texas Biochemical Institute (2), Waisman 
and Elvehjem (3), and Fixsen (4). 

Melnick, Robinson, and Field (5) have studied the effect of digestive 
juices on the stability of thiamine. They emphasized the point that thia- 
mine is more stable in its natural environment than in pure aqueous solu- 
tions. 

The purpose of this paper is to report the effect on thiamine of heating 
aqueous thiamine solutions and meat in the presence of the substances com- 
monly used in the curing of meats (sodium chloride, sodium nitrate, sodium 
nitrite, sucrose, and dextrose). 


EXPERIMENTAL 
Effect of Heat on Loss of Thiamine in Aqueous Solution 


Aqueous solutions of v.s.p. thiamine chloride hydrochloride, sodium 
chloride, sodium nitrate, sodium nitrite, sucrose, and dextrose were pre- 
pared in the concentrations found in cured meats. The concentration of 
sodium chloride in most cured meats varies from 3 to 5 per cent. The 
present trend is toward a mildly cured product with a salt content of about 
3 per cent. In some cases, excessive amounts of curing substances were 
added to the thiamine solutions. The United States Bureau of Animal 
Industry limits the concentration of sodium nitrite to 0.02 per cent in 
cured meats sold in interstate commerce. Most of the cured meats offered 
to the public contain much less than 0.02 per cent sodium nitrite. Some of 
the solutions were heated in unbuffered solutions, while others were buffered 
at different hydrogen ion concentrations by Sgrensen’s phosphate mixtures 


* Presented before the Division of Agricultural and Food Chemistry at the One- 
hundred-fifth meeting of the American Chemical Society at Detroit, April 13, 1943. 
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as described by Gortner (6). The pH measurements were obtained with a 
Leeds and Northrup electrometer, No. 7661-A1, and glass electrode. 

The samples were heated in 50 or 100 ml. flasks by immersing in a boiling 
water bath (98°) for various time intervals, after which they were immedi- 
ately placed in cold water (4-10°). 

Thiamine determinations were made by the thiochrome method de- 
scribed by the Research Corporation Committee (7). In most cases the 


ase | 
Effect of Heating Aqueous Solutions of Thiamine (10 y per ML.) in Boiling Water Bath 
(98°) for 1 Hour in Presence of Meat-Curing Ingredients 
All analyses were made in duplicate. Samples 6 to 18 were buffered at pH 5,60 
or 6.10 by the addition of appropriate volumes of Sérensen’s phosphate mixtures and 


sodium hydroxide 


SMa” | Ghoride | ‘mitrate | trite. | Sucrose | Dextrose) Stig, Loss Sire ip 
per cent per cent per cent per cent per cent per cent per cent 
] 1.10 0.0 
2 1.0 1.70 19.0 
3 3.0 4. 65 31.0 
4 4.0 4.65 31.0 
5 5.0 4.65 31.0 
6 5.60 0.0 0.0 
6a 0.1 2.0 
6b 1.0 93.0 
7 3.0 5.60 81.0 100.0 
8 4.0 5.60 80.0 100.0 
9 5.0 5.60 81.0 
10 0.05 5.60 3.0 0.0 
1] 0.02 5. 60 12.0 34.5 
12 0.10 5.60 62.0 69.0 
13 0.5 5.60 0.0 0.0 
14 0.5 5.60 0.0 0.0 
15 3.0 0.05 0.02 0.5 5.60 82.0 96.5 
16 3.0 0.05 0.02 0.5 5.60 81.0 96.5 
17 3.0 0.05 0.10 0.5 5.60 81.0 100.0 
18 3.0 0.05 0.10 0.5 5.60 82.0 100.0 


chemical results were duplicated with an error of less than +1 per cent. 
The maximum variation in duplicate determinations was +5 per cent. 
The analytical error commonly accepted for the thiochrome method is from 
+5 to +10 per cent. Losses of thiamine greater than 10 per cent may be 
considered greater than the analytical error involved in the thiochrome 
method. 

Absorption spectra studies, similar to those reported in Paper I (8), were 
made on some of the aqueous thiamine solutions before and after heating. 














gg 











GREENWOOD, BEADLE, AND KRAYBILL 351 


A Beckman quartz spectrophotometer model DU was used in obtaining the 
spectrophotometric data. When losses were indicated by the thiochrome 
method, the spectrophotometric data also indicated similar losses except in 
cases in which substances were present which interfered with the spectro- 
photometric measurements. 

Table I contains data which show the effect of heating aqueous solutions 
of thiamine for 1 hour in the presence of various concentrations of sodium 
chloride, sodium nitrate, sodium nitrite, sucrose, and dextrose. Attention 
is directed to the significant destruction (19 to 100 per cent) of thiaminé 
which occurred when aqueous solutions of the vitamin were heated in the 
presence of sodium chloride in unbuffered and phosphate-buffered solutions. 
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TIME IN MINUTES 


Fic. 1. The effect of the length of heating time in boiling water (98°) on the de- 
struction of thiamine in aqueous solutions. Curve 1 represents 10 y per ml. of thia- 
mine plus the following substances in per cent: sodium chloride 3, sodium nitrate 
0.05, sodium nitrite 0.02, sucrose 0.5, and Sérensen’s phosphate mixtures and sodium 
hydroxide to give pH 6.10 + 0.05; Curve 2, same as Curve | except that the pH was 
adjusted to 5.60 instead of 6.10; Curve 3, same as Curve | except that 2 per cent egg 
albumin was added; Curve 4, same as Curve 2 except that 2 per cent egg albumin 
was added. 


The destruction of thiamine in the presence of curing substances is a tunc- 
tion of the concentration of the curing agents (except sodium nitrate, su- 
crose, and dextrose) and the pH of the medium. Studies were made at pH 
values of 5.60 and 6.1, because these levels represent the hydrogen ion 
concentrations frequently encountered in fresh and cured meats. 

A significant loss (12 to 69 per cent) of thiamine occurred when the vita- 
min was heated in aqueous solution in the presence of 0.02 to 0.10 per cent 
sodium nitrite. Williams (9) stated that barium nitrite would cause a 
cleavage of thiamine but he did not give the exact experimental conditions 
under which cleavage occurred. 
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Destruction of thiamine during heating in aqueous phosphate buffer 
solutions was about the same in the presence of combinations of the curing 
substances as in 3 per cent sodium chloride. 

Another part of the study dealt with the influence of the length of heating 
period in boiling water (98°) upon the destruction of thiamine in the pres- 
ence of the curing ingredients, egg albumin, and S¢rensen’s phosphate mix- 
tures, as shown in Fig. 1. The results indicate that destruction of thiamine 
increased with the length of the heating period. The greatest loss of 
thiamine occurred when the vitamin was heated in the presence of the curing 
ingredients and Sgrensen’s phosphate mixtures at pH 6.1. Most of the 
thiamine was destroyed during the first 30 minutes of heating under these 
conditions. On the other hand, the thiamine was most stable when it was 
heated in the presence of 2 per cent egg albumin, curing ingredients, and 
Sgrensen’s phosphate mixtures at pH 5.6. Comparable results (not shown 
in Fig. 1) were obtained when thiamine solutions were heated under similar 
conditions except that gelatin was substituted for egg albumin. 


Effect of Heat on Loss of Thiamine in Lean Pork 


A portion of the study was concerned with the effect of heating thiamine 
as it occurs in meat in the presence of meat-curing substances. The lean 
portion of about a kilo of fresh pork chops was ground three times in a meat 
grinder and mixed thoroughly. To samples of this ground lean pork were 
added various amounts and combinations of the meat-curing substances. 

Test-tubes (150 X 14 mm.) containing samples of ground meat, mixed 
thoroughly with the curing ingredients, were immediately heated in a boil- 
ing water bath (98°) for 1 hour and then cooled promptly in a cold running 
water bath (4-10°). Other samples containing curing substances were 
stored for 10 days in a refrigerator at 0-2°. They were then heated for 1 
hour in a boiling water bath (98°) and then cooled. 

Table II contains data relating to the effect on thiamine content of heat- 
ing pork muscle for 1 hour at 98° in the presence of different combinations 
and amounts of curing substances. The results indicate that destruction of 
thiamine in pork muscle under the conditions of these experiments was 
about the same in the presence and absence of meat-curing substances. 
While there were slight differences in the thiamine losses in different sam- 
ples, the variations were within the limits of experimental error involved in 
the thiochrome method for determination of. thiamine. 

The losses of thiamine, when heated in the presence of pork muscle, were 
in marked contrast to the losses which occurred in pure thiamine solutions 
in which 19 to 100 per cent of the vitamin was destroyed when such solu- 
tions were heated for 1 hour in a boiling water bath (98°). 

The effect of heating on the thiamine content of pork muscle which had 
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been stored for 10 days in the presence of curing substances is also given in 
Table II. The data indicate that destruction of thiamine upon heating the 
meat is about the same whether or not the curing ingredients are present. 

The destruction of thiamine in the meat during heating for 1 hour at 98° 
yaries from 18 to 21.1 per cent. 

Our observations regarding the stability of thiamine confirm the findings 
of Melnick, Robinson, and Field (5); namely, that the vitamin is more stable 
in its natural environment than in aqueous solutions. 


TABLE II 
Effect of Heating Lean Pork Muscle in Boiling Water Bath (98°) for 1 Hour in Presence 
of Substances Used in Curing of Meats 
All analyses were made in duplicate. pH of samples, 6.00 + 0.02. 


Heated after storing 
| for 10 days at 0-2° 








Heated immediately after addition of curing ingredients | in presence of curing 
ingredients 
Sample No. mt — —— | Thiamine | Heating loss | Thiamine | ys 
per cent per cent per cent y per gm. per cent y per gm. per cent 
1, 13° | 19.4 | 19.4 | 

2,14 16.2 | 16.5 | 15.9 | 18.0 
3, 15 1.0 16.2 | 16.5 | 15.9 | 18.0 
4, 16 2.0 16.2 | 16.5 | 15.9 | 18.0 
5, 17 3.0 | 16.2 16.5 15.9 | 18.0 
6, 18 4.0 . M2 16.5 15.9 | 18.0 
7,19 5.0 16.2 16.5 15.9 | 18.0 
8, 20 0.05 16.7 13.9 15.3 | 21.1 
9, 21 0.10 15.9 18.0 15.6 | 19.6 
10, 22 0.02 16.0 17.5 16.3 | 21.1 
11, 23 3.0 0.05 0.10 15.9 18.0 15.3 21.1 
12, 24 3.0 0.05 0.02 16.1 17.0 15.6 | 19.6 


* Samples 1 and 13 were not heated. 


In Paper I (8), data are presented which indicate that aqueous solutions 
of thiamine are more stable in phosphate than in acetate or borate buffers at 
the same pH values. Experiments were therefore conducted on cocarboxy- 
lase (Merck’s). Aqueous solutions of cocarboxylase (10 y per ml.) were 
heated for 1 hour in a boiling water bath (98°) in the presence of 1 to 3 per 
cent sodium chloride, 0.05 per cent sodium nitrate, and 0.02 per cent sodium 
nitrite. Some of the solutions were adjusted to pH values of 5.6 and 6.1 
with Sgrensen’s phosphate buffer mixtures and sodium hydroxide. The 
losses of cocarboxylase under these conditions varied from 19 to 72 per cent. 
When aqueous solutions of thiamine were heated under comparable condi- 
tions, the losses varied from 19 to 100 percent. These experiments indicate 
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that cocarboxylase is slightly more stable than thiamine under the same 
experimental conditions. On the other hand, the destruction of cocarboxy- 
lase which occurs upon heating resembles the behavior of aqueous solutions 
of thiamine more closely than the thiamine of pork muscle. 

Our experiments dealing with the stability of thiamine indicate that the 
presence of several substances both inorganic and organic alter the stability 
of the vitamin during heating. Great caution should be exercised in pro- 
jecting data from one set of experimental conditions to different conditions. 


SUMMARY 


The effects of heating aqueous solutions of thiamine and cocarboxylase 
and meat in the presence of the substances commonly used in curing meats 
(sodium chloride, sodium nitrate, sodium nitrite, sucrose, and dextrose) 
on the loss of thiamine are reported. The losses varied from 0.0 to 100 per 
cent. The destruction of the thiamine upon heating is a function of the 
temperature, time of heating, the pH of the medium, and the nature of the 
other substances present. Thiamine is less stable to heat in aqueous solu- 
tions than in lean pork muscle. 

There was no significant difference in the loss of thiamine when lean pork 
was heated (1 hour at 98°) in the presence or absence of meat-curing ingre- 
dients, or in the loss of thiamine in fresh lean pork and.cured (10 days) lean 
pork when heated for 1 hour at 98°. The loss in thiamine during heating of 
lean pork in the absence of curing ingredients ranged from 16.5 to 18.0 per 
cent and in the presence of curing ingredients from 16.5 to 21.1 per cent. 
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THE RELATION OF TRANSMETHYLATION TO ANSERINE 


By JAY R. SCHENCK,* SOFIA SIMMONDS, MILDRED COHN, CARL M. 
STEVENS, anp VINCENT pv VIGNEAUD 
(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


Received for publication, May 27, 1943) 


In a previous communication (1), it was reported that the methy! group 
of dietary methionine was utilized by the rat for the synthesis of choline, 
creatine, and creatinine. It was desirable, as we had previously pointed 
out (1, 2), to investigate the possibility that methionine could also serve 
as the source of the methyl group of other methylated compounds im the 
animal body. When the transmethylation studies were extended to the 
rabbit, it became feasible to isolate in sufficient quantities one of the 
N-methyl] extractives; namely, anserine. It thus became possible to deter- 
mine by the isotope technique whether a transfer of methyl groups from 
methionine to anserine could occur. 

Before an attempt was made to relate anserine to the transmethylation 
reactions, it was first necessary to demonstrate that the methyl transfer 
which occurs in the rat also proceeds in the rabbit. Therefore, deuterio- 
methionine corresponding to 0.5 per cent of the diet was fed to a rabbit 
with fibrin as the source of protein in the diet and the creatinine was 
isolated from the 7th and 8th day samples of urine. The creatinine was 
found to contain deuterium in an amount which indicated that 4 per cent 
of the methyl groups had been derived from the deuteriomethyl groups of 
the diet. Since this value was rather low, it was deemed advisable to 
increase the dietary deuteriomethionine to 1 per cent of the diet. Subse- 
quently creatinine was isolated from the urine of the 17th and 18th days 
and again from the urine of the 25th and 26th days, indicating that 12 per 
cent and 20 per cent respectively of the methyl groups of creatinine had 
been derived from the ingested deuteriomethionine. The animal was 
sacrificed after 28 days and the anserine, creatine, and choline were isolated 
from the tissues. 

The presence of deuterium in the choline and creatine demonstrated that 
the rabbit as well as the rat utilized the methyl group of methionine for 
the synthesis of choline and creatine. The deuterium content of the methyl 
groups of the isolated choline was lower than that of the creatine. This 
result was undoubtedly due, in part, to the presence of ordinary choline in 


* Abbott Laboratories Research Fellow. 
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the diet. The “bound” choline and “free” choline fractions differed con- 
siderably in deuterium content.' 

The anserine which was isolated from the muscle tissues was found to 
contain deuterium in an amount which indicated that 2 per cent of the 
total anserine had been derived from the ingested deuteriomethionine dur- 
ing the experimental period. Although the conversion from methionine 
to anserine is apparently much slower than from methionine to creatinine, 
the amount of deuterium found in the isolated anserine is unquestionably 
far beyond the experimental error. 


EXPERIMENTAL 


Feeding Experiment—A rabbit weighing 1.9 kilos was fed ad libitum a 
basal diet consisting of the following components: fibrin 10 per cent, sucrose 
36 per cent, starch 21 per cent, corn oil (Mazola) 14 per cent, agar 10 per 
cent, yeast 5 per cent,’ salt mixture (3) 3.5 per cent, choline chloride 0.1 
per cent. The fat-soluble vitamins at the same level as used in the rat 
diets (4) and also 200 mg. of ascorbic acid per kilo were added to the diet 
in the latter half of the experimental period. For the first 12 days the diet 
was supplemented with 0.5 per cent deuteriomethionine containing 21.6 
atom per cent deuterium; 7.e., 79 atom per cent in the methyl group. 
Since only 4.3 per cent of the methyl groups of urinary creatinine had been 
derived from deuteriomethionine after 8 days, as shown in Table I, the 
deuteriomethionine in the diet was increased to 1 per cent of the total diet 
on the 12th day. The urine was collected over 48 hour periods at intervals 
during the experiment. The deuterium concentrations of the creatinine 
of the urine for the 17th and 18th days and for the 25th and 26th days are 
shownin TableI. The animal was sacrificed after 28 days and the anserine, 
the choline, and the creatine were isolated. The deuterium concentrations 
of the isolated compounds are given in Table IT. 

Isolation of Anserine—The muscle tissue (595 gm.) was extracted with 
sodium sulfate in the manner described by Deutsch, Eggleton, and Eggle- 
ton (5). This method is applicable for the isolation of anserine in this 
case, since the amount of anserine far exceeds that of carnosine in rabbit 
muscle tissue. The copper salt obtained by this method was extracted 
with absolute methy! alcohol from inorganic salts. 


1 In some unpublished experiments with rats, it has been found that the ‘‘ bound” 
and ‘‘free’’ choline fractions differed in the same manner as in the present experi- 
ments. Also, when ordinary choline is fed to rats whose diets contain deuterio- 
methionine, the deuterium content of creatine isolated from the tissues is higher 
than the deuterium content of the tissue choline, analogous to the observations 
with the rabbit. 

* Anheuser-Busch Strain G dried brewers’ yeast, Biological Laboratory No. 1820, 
Blend D. 
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After evaporation of the methyl alcohol, the copper salt was dissolved 
in dilute sulfuric acid and the copper was subsequently removed by pre- 
cipitation with hydrogen sulfide. The precipitate was filtered and the 
filtrate was concentrated to a small volume (17 cc.). 35 ec. of Hopkins’ 
reagent (6) were added portionwise to the solution; at the same time, suffi- 
cient absolute ethy] alcohol (124 ec.) was added to maintain a concentration 


TABLE | 
Creatinine from Urine of Rabbit Fed Deuteriomethionine* 


Creatinine isolated 





Interval of urine - : . ee 
. : Se B/At X 100 
collection Deuterium in creatinine Deuterium in methy! 
K picrate group (B) 
a days alom per cent atom per cent 
7-8 0.86 + 0.06 3.4 4.3 
17-18 2.36 + 0.06 9.4 11.9 
25-26 3.88 + 0.10 15.5 19.6 


* On the 12th day, the deuteriomethionine content of the diet was increased from 
0.5 to 1.0 per cent, as noted in the text. 

+ A is the deuterium content of the methyl group of the ingested methionine, 79.2 
atom per cent deuterium. Since the deuteriomethionine of the diet is diluted by 
methionine in the fibrin of the diet, the values B/A X 100 represent the minimum 
percentage of methyl groups of creatinine derived from dietary methionine. 








TABLE II 

Anserine, Choline, and Creatine Isolated from Rabbit Fed Deuteriomethionine for 
28 Days . 
2 Deuterium in 
Compound isolated ae methyl groups B/A* X 100 

, aiom per ceni alom per cenit al a 
Anserine as copper anserine. - 0.28 + 0.02 1.5 1.9 
“Bound”’ choline as chloroplatinate. . 2.51 + 0.06 3.9 4.9 
“Free’’ s " - ..| 4.68 + 0.07 7.3 9.2 
Creatine as creatinine K picrate..... 4.23 + 0.09 16.9 21.4 


* A is the deuterium content of the methyl group of the ingested methionine, 
79.2 atom per cent deuterium. 


of 70 per cent alcohol. An excess of Hopkins’ reagent was indicated by 
the formation of a yellow precipitate instead of a white one. The precipi- 
tate, which at first was oily, hardened after standing overnight in the 
refrigerator. The mercury salt was washed with 75 per cent alcohol, then 
suspended in water, and decomposed with hydrogen sulfide. The mercury- 
free filtrate was neutralized with barium hydroxide. After removal of the 
barium sulfate the copper anserine was formed by the addition of an excess 
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of copper carbonate (about 2 gm. of CuCO;-5H,O). The resulting solu- 
tion was evaporated to dryness, the copper anserine was freed from inor- 
ganic material by extraction with absolute methyl alcohol, and the aleo- 
holic solution was concentrated to 10 cc. Crystallization was effected by 
addition of 15 to 20 cc. of water, followed by removal of excess methanol 
by evaporation in vacuo. For complete precipitation of the crystals it was 
necessary to allow the solution to stand overnight in the refrigerator. The 
copper anserine was recrystallized twice by solution in methyl! alcohol and 
addition of water as described above; 1.1 gm. of copper anserine, 
CyoHyN,O;CuO, were obtained. The deuterium content of the copper 
anserine, as shown in Table II, was 0.28 + 0.02 atom per cent, which cor- 
responds to 1.5 atom per cent deuterium in the methyl! group. 


CyoHygNsOsCuO. Calculated, N 17.5, Cu 19.8; found, N 18.0, Cu 19.5 


Isolation of Choline—The liver, kidneys, and depot fat were frozen in 
solid CO, and ground in a fine meat chopper. The ground material was 
combined with the residue from the muscle tissue previously extracted for 
anserine. Choline was isolated from these sources as previously described 
(1). However, two separate fractions were isolated; namely the choline 
in the ether-soluble fraction, i.e. ““bound” choline, and the choline in the 
water-soluble fraction, z.¢e. ‘free’ choline. The so called ‘‘free’’ choline 
was actually a mixture of the various water-soluble choline derivatives 
plus some phospholipid choline liberated during the boiling alcohol extrac- 
tion of the combined liver, kidneys, fat, and muscle tissue residue. 650 mg. 
of choline chloroplatinate were obtained from the ‘‘bound”’ choline fraction. 


C,oHesN2O2PtCls. Calculated, Pt 31.6; found, Pt 31.6 


230 mg. of choline chloroplatinate were obtained from the “free’’ choline 
fraction. 
CyoHesN20,PtCl,. Calculated, Pt 31.6; found, Pt 31.5 


The deuterium content of the “bound” and “free” choline differed con- 
siderably, as shown in Table II. 

Isolation of Creatine from Tissues and Creatinine from Urine—The 
creatine was isolated in the manner previously described (1) from the 
filtrate obtained in the reineckate precipitation of the ‘‘free’’ choline frac- 
tion. 534 mg. of creatinine potassium picrate were isolated. Three sam- 
ples of creatinine were isolated by the method already given (1) from urine 
samples which had been collected over 48 hour periods on the 7th and 8th, 
the 17th and 18th, and the 25th and 26th days respectively. As can be 
seen from a comparison of Tables I and II, the deuterium content of 
the creatine isolated from the tissue at the end of the 28 day experimental 
period agreed very well with the deuterium content of the urinary creati- 
nine of the 25th and 26th days. 
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SUMMARY 


The process of transmethylation occurs in the rabbit, as demonstrated 
by the appearance of deuterium in the choline and creatine of the tissues 
and the creatinine of the urine after the feeding of deuteriomethionine. 
The presence of deuterium in the anserine isolated from muscle tissue after 
the rabbit had been fed deuteriomethionine is consistent with the hypothe- 
sis that the various N-methyl compounds synthesized by the animal derive 
their methy! groups from “‘labile’’ methyl compounds of the diet. 


The authors wish to thank Dr. J. R. Rachele of this laboratory for 
carrying out the microanalyses. 
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BOUND PYRIDOXINE (VITAMIN B,) IN BIOLOGICAL 
MATERIALS 


By LOUIS SIEGEL, DANIEL MELNICK, ann BERNARD L. OSER 
(From the Food Research Laboratories, Inc., New York) 


(Received for publication, May 21, 1943) 


The method of Williams, Eakin, and McMahan (1) for the microbiolog- 
ical assay of pyridoxine is based upon the turbidimetric measurement of the 
growth response of the yeast Saccharomyces cerevisiae, Gebriider Mayer 
strain. 

Initial attempts to use the method in our laboratory were unsuccessful. 
The tests were complicated by excessive growth of the microorganism in 
all tubes, completely masking any gradation. This was found to be due 
to the pyridoxine remaining in the yeast and liver supplements despite 
treatment of these solutions with fullers’ earth. The use of Lloyd’s reagent 
yielded solutions free from pyridoxine. However, with the removal of the 
pyridoxine other growth factors essential for the microorganism were also 
adsorbed, necessitating their replacement to make the medium satisfactory. 


Present Modifications of Microbiological Procedure 


To the acidified (pH 1.0) liver and yeast extract solutions, described by 
the original authors (1), are added 2 gm. of Lloyd’s reagent! and the suspen- 
sion is shaken occasionally during the next 24 hours. After filtration the 
solution is treated again with the same quantity of the adsorbent. The 
mixture is then centrifuged, and the clear supernatant removed, adjusted 
to pH 4.5 to 5.0, bottled, and sterilized in the autoclave for 15 minutes at 
15 pounds pressure. 

To compensate for other growth factors adsorbed on the Lloyd’s reagent 
along with the pyridoxine, it was necessary to increase the biotin? content 
of the medium to 0.1 y and the casein hydrolysate’ to 2.5 ce. per 100 cc. 
of medium. (The addition of other members of the vitamin B complex, 
riboflavin, choline, and nicotinic acid, failed to influence the growth of the 
microorganism. ) 

Tryptophane was found to be an essential growth factor and, therefore, 
is added in freshly prepared solutions, 0.2 mg. per 100 cc. of the basal 
medium. 

1 Obtained from Eli Lilly and Company, Indianapolis. 

* For these tests, evaluating the importance of biotin in the medium, samples of 
crystalline biotin, kindly furnished by Dr. du Vigneaud of Cornell University Med- 


ical College, were used. 
* Obtained from the S. M. A. Corporation, Chagrin Falls, Ohio. 
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The minerals and asparagine are added from a sterile stock solution 
containing 10 times the concentration required in the basal medium (1), 
The casein hydrolysate and vitamin solutions are stored separately, the 
latter in the refrigerator. The sucrose is dissolved as required. 

The standard pyridoxine solution, 0.04 y per ec., is prepared fresh daily 
from a stock solution. The latter is an acidulated aqueous solution (pH 
3), containing 100 y of pyridoxine per cc. It is stored in an amber bottle 
in the refrigerator. Since pyridoxine in other than acid solution is readily 
destroyed by visible light (2), all manipulations with this vitamin during 
the assay are conducted with minimal exposure to light. 
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PYRIDOXINE (mice 
Fic. 1. Growth response of the yeast Saccharomyces cerevisiae, Gebrider Mayer 
strain, to graded amounts of pyridoxine. 


Acid hydrolysis of the aqueous suspension or solution of the test material 
is conducted in order to liberate bound pyridoxine. The importance of 
this modification is discussed in a later section of this report. 

The culture is carried on Difco malt-agar slants at 30-31° and trans- 
planted daily. At the end of 1 month the culture is discarded and a new 
series of daily transplants started from a stock culture which had been 
kept in the refrigerator for a period of 1 month. A new stock culture is 
also prepared at this time. A platinum loopful of the 24 hour surface 
growth is suspended in 20 ce. of sterile saline, drawn into a syringe, and 
each tube of medium inoculated by the drop method of Black and Ar- 
nold (3). 

Rather than set up the standard solution at three assay levels in tripli- 
cate, we prefer to employ ten single assay levels varying at an arithmetical 
rate, as indicated in Fig. 1. The test solution or suspension is also tested 
at ten assay levels, but each approximately 25 per cent greater than the 
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preceding one, the volumes added to the 2 cc. quantities of medium varying 
from 0.01 to 0.1 ce. The tubes are plugged and the contents steam- 
sterilized for 10 minutes. 

The yeast growth in the tubes incubated in a water bath at 31° is in- 
hibited by the addition of chlorothymol at the end of 16 to 18 hours ac- 
cording to the published procedure (1). The photoelectric colorimeter is 
set to give a galvanometer reading of 100 with the blank tube* (inoculated 
but containing no pyridoxine) and the turbidities of the other tubes 
evaluated.’ In the majority of cases color and turbidity in the test solu- 
tions introduce no significant error, since the volumes of the highly diluted 
test solutions added to the basal medium are small, 0.1 ce. or less. With 
colored or turbid solutions of very low potency, a blank correction may be 
necessary. Two uninoculated tubes, one containing 0.01 ec. and the other 
0.1 ec. of the test solution, are read. The correction for interfering colors 
or turbidities of intermediate tubes may be interpolated from the linear 
graph for these tubes. 

Hydrolysis of Bound Pyridoxine in Biological Materials—The method of 
Williams, Eakin, and McMahan (1) makes no provision for the hydrolysis 
of bound pyridoxine. That they measure only free pyridoxine is evident 
from the fact that their figures for pyridoxine content are much less than 
the values obtained by animal assays. 

In Table I are presented the results of assays conducted on one of several 
rice bran concentrates. This particular product is of interest, since it had 
been carefully assayed independently in two other laboratories by two 
unrelated procedures, chemical (5) and biological (4). The microbiological 
assays were conducted against reference curves evolved with the standard 
pyridoxine solutions treated in the same manner as the test solutions. The 
rice bran concentrates, diluted 1:200 with sulfuric acid of indicated nor- 
malities, were autoclaved at 15 pounds pressure for 30 minutes, the pH 

‘A small amount of turbidity is always observed in the blank tube. This is not 
attributed to the presence of minimal quantities of pyridoxine in the medium, since 
prolonged irradiation (2) of those solutions (the liver, yeast, and amino acid sup- 
plements) which might possibly still contain some pyridoxine failed to lower sig- 
nificantly the blank value. Apparently the test organism can grow to a very limited 
extent, despite the absence of pyridoxine in the medium. 

* An Evelyn photoelectric colorimeter, adapted for a 6 cc. aperture, may be used. 
The instrument is manufactured by the Rubicon Company, Philadelphia. In place 
of light absorption measurements, nephelometric readings may be obtained by using 
any of the standard fluorometers. The fluorometer is first set to read 100.0 with the 
suspension in the reference series showing maximal turbidity. It is possible to extend 
the turbidity range by increasing markedly the quantity of pyridoxine added to the 
reference tubes. However, better agreement among the various assay levels is con- 
sistently obtained when the tests are confined to the range indicated in the present 
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adjusted to approximately 6.0 with 4 N sodium hydroxide solution, and 
then diluted to the testing range. It will be noted that heating the aqueous 
solutions for 10 minutes at 100° yields a value one-tenth of that obtained 
by biological assay. When the sample is subjected to acid hydrolysis in 
the autoclave, there is a marked progressive increase in the pyridoxine 
figures until a maximal value is obtained which closely approximates that 
yielded by the chemical and biological assays. Autoclaving in a more 
concentrated acid solution yields somewhat smaller pyridoxine values, 
An evaluation of the various reference curves evolved with the standard 
pyridoxine solution similarly treated indicates that no loss of the vitamin 


TABLE I 
Determination of Optimal Concentration of Acid for Hydrolysis of Bound Pyridoxine 
in Rice Bran Concentrates 


Experiment Pyridoxine found* 
y per gm. 
Simple solution in water, heated 10 min. at 100 ll 
Acid hydrolysis + autoclaving at 15 lbs. pressure for 30 min. 
0.5 Nn H.SO, 56 
a 85 
— * 115 
— | py 104 
eal 100 
BOF «4 97 


Other samples gave similar values when tested according to the above procedures. 
These were kindly furnished by the National Oil Products Company, Harrison, 
New Jersey. 

* This same sample was found by Dr. Morgareidge of the above company to 
contain 110 y per gm. according to the method of Dimick and Schreffler (4) in which 
both growth response and the degree of cure of the rat dermatitis are taken into 
consideration. Dr. Secudi of the Merck Institute for Therapeutic Research, Rahway, 
New Jersey, obtained 103 y by his chemical procedure only after strong acid hydroly- 
sis of the test solution (5). 


occurred in the sulfuric acid solutions of 2 N or less and that only very 
slight destruction occurred in the more concentrated acid solutions. Ac- 
cordingly, autoclaving the sample in solution or suspension for 30 minutes 
at 15 pounds pressure in 2 N sulfuric acid was selected as the most desirable 
procedure for hydrolyzing bound pyridoxine. 

Atkin and collaborators (6) have also reported the necessity for hydrolyz 
ing bound pyridoxine before reliable figures for total vitamin content can 
be obtained. For routine use they recommended autoclaving at 20 pounds 
pressure for 60 minutes in 0.055 N sulfuric acid solution. However, they 
recognized that this procedure was not universally applicable to all foods, 
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since they found that in the case of cereal products such as whole wheat and 
white flour it was necessary to increase the normality of the acid to 0.44. 


TaB_e II 
Free and Bound Pyridoxine in Biological Materials 


Pyridoxine content Bound 
Sample i yri- Values reported in literature§ 


Total* | Freet | Boundt| “°*'™* 


voor | 1 ger | 786 | per con vbr om 
Whole wheat flour 4.2/ 0.9 3.3 79 | 4.8 (6), 4.6 (7) 
Patent flour 0.9' 0.4) 0.5! 56 | 1.2 (6), 2.2 (7) 
Wheat germ 10.6 1.1 9.5 | 90 | 9.6 (7) 
“ bran 45.7 10.0) 5.7 | 36 
Defatted soy bean flour 12.8 1.8 11.0) 86 | 12 for ground soy beans 
(8) 
” cottonseed meal 13.1 6.2; 6.9; 5&8 
Corn-meal 3.8; 2.1 1.7| 45 
Rice bran concentrate 115.0 | 11.0 104.0 | 90 | 100-140 (5), 137 (8) 
Beef muscle 4.3} 2.1 2.2; 651i 3.8-4.0 (9) 
“liver 4.2; 1.3; 2.9] 69 | 7.1 (6), 7.3 (7) 
Pork loin : 4.2) 1.4) 2.8, 67 | 6.8 (6), 4.5-6.5 (9) 
Fillet of flounder 10; 0.3; 0.7] 70 
Whole milk 0.51; 0.44, 0.07, 14 0.5-0.6 (6), 1.3 (9) 
“ hen’s egg 0.48 0.39) 0.09; 19 
Dried whole ‘‘ 2.3; 1.8}; 0.5] 22 
Liver extract powder 24.8 | 10.5 | 14.3) 58 
Dried brewers’ yeast 49.0 | 17.8 | 31.2 | 64 | 39 (6), 65-75 (8), 55 (10) 
Yeast extract powder 90.0 34.0 | 56.0) 62 
Blackstrap molasses. . ...| 24.9) 5.31 19.6) 79 
Brown sugar......... Se thtate xe ee 0.3; 0.4) 57 


y ber | yper | y per 

sample sample sample 
24 hr. urine sample (L. 8.) 65 13 52 80 i ™ 
u“ « « (D.M)...lI72 | 35 [137 | go | 17-148 ©) 


* Obtained on the acid-hydrolyzed suspension or solution after 30 minutes auto- 
claving of the sample at 15 pounds pressure in 2 N sulfuric acid. 

t Obtained on the aqueous suspension or solution after heating for 10 minutes 
at 100°. 

t Calculated by difference between total and free pyridoxine. 

§ Values on similar samples reported in the literature by only the “‘more reliable’’ 
assay procedures are listed; the figures in parentheses refer to bibliographic 
citations. 

| Represents an approximately 20-fold concentration of rice bran. 


No rice bran preparations were included in their series of analyses. Our 
procedure involves hydrolysis in a much stronger acid solution but for a 
shorter period of time and at a lower pressure. The use of the strong acid 
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solution recommended does not destroy any pyridoxine and is in such 
excess as not to be affected appreciably by the buffering capacity of the 
test solution, regardless of the nature of the material being analyzed. 

In Table II is presented a series of analyses conducted upon a variety 
of biological materials before and after acid autoclaving of the suspension 
or solutions vielding values for free and total pyridoxine. The bound 
pyridoxine is calculated by difference. It will be noted that in every 
case a large fraction of the pyridoxine is not readily available to the miero- 
organism for growth. A comparison of the values for free and total pyri- 


TaB.e III 
Reliability of Values for Total Pyridoxine 


The values were obtained on the acid-hydrol¥zed suspension or solution after 





30 minutes autoclaving of the sample at 15 pounds pressure in 2 N sulfuric acid. | 


Sample Mic robiol gical Biological assay 
assay vaiues vaiues | 
per gm y per gm. 

Dried liver Preparation A 6 6t 
" 1 " B 16 20t 
ag 4 ‘ C ~ 25 30T 
Rice bran Concentrate A 115 110 
0 “ B 100 100t 
Dried brewers’ yeast ${) 50 
‘* yeast extract 90 85 
B complex preparation 356 350 
Multivitamin tablet 239 250 


* The assays, unless indicated otherwise, were conducted in our laboratory by the 
method of Dimick and Schreffler (4) in which both growth response and the degree 
of cure of the rat dermatitis are taken into consideration. 

t Assays reported by The Wilson Laboratories, Chicago, based on the rat growth 
method of Conger and Elvehjem (10). 

t Assays conducted in the laboratories of the National Oil Products Company, 
Harrison, New Jersey, by the method of Dimick and Schreffler (4). 





doxine with those reported in the literature by the ‘‘more reliable” assay 
procedures, which include the recent microbiological method of Atkin and 
associates (6) and the chemical method of Bina and collaborators (8), indi- 





-ates that fairly good agreement is obtained only when the total pyridoxine 
values are considered. The figures for free pyridoxine cannot be regarded 
as constituting even a rough approximation of the vitamin Bg, potency. 
Nine test samples, representing the four major sources of pyridoxine, 
were analyzed by both microbiological and biological methods of assay. 
The latter were conducted independently either in this laboratory or else- 
where, as indicated in Table III. The four types of test materials were 
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three natural vitamin B complex preparations, prepared from liver, rice 
bran, and brewers’ yeast, and multivitamin preparations containing syn- 
thetic pyridoxine. The results indicate that in general good agreement 
between biological and microbiological assay on the same test sample may 
be expected, provided that in the latter case the test suspension or solution 
is first subjected to strong acid hydrolysis. Furthermore, assays by the 
microbiological procedure on a large number of freshly prepared pharma- 
ceutical products, containing known quantities of pyridoxine in various 
admixtures with other vitamins and minerals, have yielded values in good 
agreement with the expected figures. 


SUMMARY 


1. A modification of the yeast growth method of Williams, Eakin, and 
MeMahan for the determination of pyridoxine is described which elim- 
inates many of the inadequacies of the original method. 

2. A major portion of biologically active pyridoxine occurs in nature 
in the bound state. 

3. Autoclaving the test suspension or solution for 30 minutes at 15 
pounds pressure in 2 N sulfuric acid renders the bound pyridoxine available 
to the yeast cell, so that the results by the microbiological procedure agree 
with those obtained by biological assays. 

4. The concentrations of free and total pyridoxine in a variety of biolog- 
ical materials are listed. 
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The recent discoveries of highly specific phosphatases such as diphos- 
phoesterase, 5-nucleotidase, pyrophosphatase, and ribonuclease render it 
desirable to reinvestigate the specificity of alkaline phosphatase, since © 
many properties of this enzyme have been studied on relatively crude and 
weakly active samples. Observations concerning the specificity of phos- 
phatase are not only of interest in view of its biological réle, but they also 
have an important bearing on the increasing use of this enzyme as a chemi- 
eal tool for the structural elucidation of organic phosphorus compounds. 

In this paper we will describe a method for the purification of alkaline 
phosphatase on a large scale. In addition we will report data concerning 
the specificity of the enzyme and its behavior toward activating and in- 
hibiting substances. 

The mucosa of the small intestines was selected as the source of the 
enzyme because of its very high content of alkaline phosphatase. Arm- 
strong (1) succeeded several years ago in obtaining from dog feces very 
potent solutions of alkaline phosphatase. There is no doubt that the 
enzyme of his preparation originated from the intestinal mucosa. How- 
ever, it seems to be preferable to prepare the enzyme from the mucosa 
proper, thus avoiding its exposure to intense bacterial action. 


Methods 


Phosphate was determined according to Fiske and Subbarow (2), Delory 
(3), or King and Delory (4). The latter methods were used whenever 
preliminary isolation of phosphate was desirable in order to avoid the 
interference of other substances with the colorimetric phosphate determina- 
tion (fluoride ions, cysteine, nucleotides, protein split-products, pyro- 
phosphate). 

Determination of Phosphate in Presence of Pyrophosphate—The presence 
of pyrophosphate in 0.03 mM concentration seriously interferes with all 
methods for the determination of inorganic phosphate. It prevents the 
precipitation of phosphomolybdate and the formation of molybdenum blue. 
Attempts to achieve a separation of phosphoric and pyrophosphorie acids 

* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H. Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 
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on the basis of the different solubilities of their barium salts had unsatis- 
factory results. We found, however, that the method of King and Delory 
(4) can be successfully applied to the determination of small amounts of 
phosphate in the presence of relatively large quantities of pyrophosphate, 
The high sensitivity of this method permits the use of such small aliquots 
for the analvses that the influence of the pyrophosphate becomes negligible. 
The original directions of King and Delory were modified in some details 
in order to adapt the method to phosphate-pyrophosphate mixtures. 
Since the precipitation of the phosphate as the hydroxyquinoline-molyb- 
date complex is carried out in N hydrochloric acid, the heating of the 
mixture as recommended by King and Delory was omitted and the pre- 
cipitate was allowed to stand for only 5 minutes at room temperature 
before centrifuging. We found it sufficient to scratch the wall of the 
centrifuge tube a few times with a glass rod in order to obtain the hydroxy- 
quinoline-phosphomolybdate precipitate in a flocculent form. It was 
found by means of recovery experiments that amounts of phosphate above 
2 y can be quantitatively determined in aliquots containing not more than 
100 y of pyrophosphate phosphorus. In enzyme experiments vith pyro- 
phosphate it is necessary to determine the phosphate content of the 
pyrophosphate solution in a blank of a sample treated similarly to that 
incubated with the enzyme. 

Substrates—Potassium diphenyl phosphate was synthesized according 
to the procedure of Asakawa (5). It was recrystallized several times from 
water in order to remove the last traces of the monoester. 

Phosphopyruvie acid was synthesized from pyruvic acid and phosphorus 
oxychloride according to Kiessling (6). It was necessary, however, to 
modify the procedure of this author in some details, since we failed in sev- 
eral attempts to obtain the substance according to the original directions 
of Kiessling. The following modifications have been found to be useful. 

1. Since the amount of quinoline used by Kiessling as a medium for the 
phosphorylation does not suffice to protect the phosphorylated product 
against the acid formed during the reaction, we took precautions preventing 
any increase of the acidity beyond the turning point of Congo red paper. 
The amount of quinoline present at the beginning of the phosphorylation 
was doubled in comparison to Kiessling’s directions by dissolving the 
pyruvic acid in 3 times its weight of quinoline. During the course of the 
phosphorylation the acidity was frequently checked with the aid of Congo 
red paper and more quinoline added if necessary. 

2. The preliminary fractionation of the crude barium salt, suggested by 
Kiessling, was omitted because we found that it had little purifying effect 
and caused great losses. We prepared the silver barium phosphopyruvate 
directly from the crude mixture of the barium salts and usually obtained 


























G. SCHMIDT AND 8S. J. THANNHAUSER 371 


it immediately in well crystallized form. The salt never failed to crystallize 
after the first reprecipitation. Our yields amounted to 3 to 4 gm. of the 
silver barium salt from 40 gm. of pyruvic acid. 

Determination of Phosphatase—Our method for the determination of 
phosphatase represents an adaptation of the existing procedures to the high 
activity of our enzyme preparations. It is based on the empirical fact that, 
during the initial stages of the hydrolysis of sodium 8-glycerophosphate, 
the amounts of phosphate formed within a certain time interval are pro- 
portional to the amounts of phosphatase present." 

Standard Conditions—10 cc. of a 0.1 N veronal buffer of pH 9.30, 1 ce. of 
a 5 per cent solution of sodium 6-glycerophosphate (Kastman), and 0.5 cc. 
of a 15 per cent solution of crystallized magnesium chloride are mixed in a 
test-tube and warmed to 37°. After addition of | ec. of the enzyme solution 
and incubation of the mixture for 15 minutes at 37°, the amount of inor- 
ganic phosphate was determined. If the amount of inorganic phosphorus 
exceeded 0.25 mg. (corresponding to 5 per cent hydrolysis), the determina- 
tion was repeated with a conveniently diluted solution of the enzyme. 

The unit of phosphatase is defined as the amount of enzyme required for 
the formation of 0.1 mg. of inorganic phosphorus within 15 minutes under 
the standard conditions. (Our standard conditions are suboptimal in 
regard to the pH and to the substrate concentration.) 


Purification of Alkaline Phosphatase 

The purification of the enzyme is based on its resistance to trypsin diges- 
tion, its low adsorption affinity for aluminum hydroxide, and on fractional 
precipitation by ammonium sulfate. 

Extraction—Twenty pieces of calf intestines (the first 2 yards from the 
pylorus) are collected in the slaughter-house and thoroughly rinsed with 
tap water. No special precautions such as rapid preparation or cooling 
are required. The mucosa is squeezed out from each loop with the aid 
of wooden spatulas (tongue depressors). The material (usually 2 liters) 
is then diluted with 3 volumes of tap water and brought to a pH of 9.0 by 
slow addition of 2 nN sodium hydroxide. After the addition of 500 ce. of 
toluene, the suspension is vigorously stirred for 30 minutes by a mechanical 
stirrer. The resulting milky suspension is strained through cheese-cloth 
(Yankee polishing cloth), leaving a very small mucus residue. The ac- 
tivity of such suspensions usually amounts to 30 to 50 units, the total 
nitrogen content to 2.5 to 3 mg. per ce. 

Digestion with Trypsin—The suspension contains the phosphatase in 


' Our studies on the kinetics of phosphatase have led us to the conclusion that the 
use of pheny! phosphate as substrate is preferable to that of glycerophosphate for the 
purpose of phosphatase determinations. 
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insoluble form associated with lipid particles, which cannot be separated 
by centrifugation from the liquid phase. The insolubility of the phos- 
phatase can be demonstrated by filtration of the suspension through in- 
fusorial earth (Hyfio from Johns-Manville). As much as 85 per cent of 
the enzyme remains on the filter and can be recovered by simple water 
extraction of the filter cake. 

Digestion with trypsin was found to be the only satisfactory way to 
render the enzyme soluble. It will be remembered that in most of the 
current procedures for the preparation of phosphatase, autolysis is used as 
an indispensable step for the liberation of the enzyme from the tissues (7). 
Artificial proteolysis in the form of trypsin digestion has been introduced 
as a useful step in the purification of alkaline kidney phosphatase by 
Ehrensvird (8), who discovered that the activity of alkaline phosphatase is 
not affected by trypsin. Kutscher and Pany (9) found later that acid 
phosphatase is papain-resistant. A solution of 10 gm. of commercial 
trypsin (Difco) in 500 ce. of water is added to the suspension and the mix- 
ture is incubated for 24 to 36 hours at 37°. The digested material is mixed 
with 400 gm. of Hyflo Super-Cel and filtered on a large Buchner funnel 
over ordinary filter paper which had been covered with a layer of 400 gm. 
of Hyflo Super-Cel. The filtration proceeds rapidly and yields a clear 
yellow liquid. ‘The filter cake is finally washed twice with 2 liters of water. 
Practically no loss of enzyme results from the tryptic digestion or from the 
filtration. The principal effect of the filtration is the removal of fats 
and fatty acids which are present in large amounts in the intestinal mucosa 
of young calves. At this stage the enzyme content per mg. of nitrogen of 
the solution amounts to 10 units. 

Precipitation with 0.9 Saturated Ammonium Sulfate—The phosphatase is 
quantitatively precipitated from the combined filtrate and washings (total 
volume about 12 liters) by adding 600 gm. of solid ammonium sulfate, c.p., 
to each liter of the enzyme solution. After the solution has stood for a 
short while, the precipitate collects on top and can be easily separated from 
most of the mother liquor by siphoning. The top layer, containing the 
precipitate, is filtered over a thin layer of Hyflo Super-Cel on a Buchner 
funnel (diameter 25 cm.). The precipitate is suspended in about 300 ce. 
of 0.1 N ammonium acetate buffer of pH 8.9. (An approximately normal 
solution of this buffer is prepared in the following manner. 62 cc. of a 
28 per cent solution of ammonia are diluted to 500 cc. After addition of 
35 ce. of glacial acetic acid, the pH is adjusted to 8.9 by further dropwise 
addition of glacial acetic acid with thymol blue as indicator, and the 
volume is made up to 1000 ec.) The enzyme solution contains approxi- 
mately 300 phosphatase units per mg. of nitrogen. 

The solution of the ammonium sulfate precipitate is separated from in- 
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soluble contaminations by filtration over a thin layer of Hyflo Super-Cel. 
This solution is brownish and sometimes turbid and contains the total 
amount of phosphatase present in the original extract. 

Fractionation with 0.8 Saturated Ammonium Sulfate—The amount of 
ammonium sulfate in the solution is approximately calculated from its 
specific weight, and enough solid ammonium sulfate is added to bring the 
ammonium sulfate content to 500 gm. for each 1000 gm. of water. The 
precipitate is filtered over a thin layer of Hyflo Super-Cel and washed with 
200 ec. of 0.8 saturated ammonium sulfate solution. 

This fractionation has only a relatively slight purifying effect, as judged 
from the activity per mg. of protein nitrogen in the precipitate which is 
only 1.5 times higher than in the solution of the first ammonium sulfate 
precipitate. It was found, however, that the step is indispensable for the 
success of the subsequent procedures. Apparently it removes contaminat- 
ing proteins which cannot be separated from the phosphatase during the 
later stages of the purification. 

Dialysis—The solution is prepared for the subsequent adsorption on 
aluminum hydroxide by dialyzing it overnight in collodion bags of 50 ce. 
capacity against 8 to 10 liters of 0.025 N ammonia-ammonium acetate 
buffer of pH 8.8. No loss of enzyme activity results from this procedure. 

Treatment with Aluminum Hydroxide and Kaolin—The dialyzed solution 
of the second ammonium sulfate precipitate can be very efficiently purified 
by aluminum hydroxide, which adsorbs contaminating substances but 
leaves most of the enzyme in the solution. However, the selectivity of the 
adsorption holds true only as long as the adsorbent is not used in excessive 
amounts. It 2s therefore important to add the adsorbent in small fractions and 
to control the activity in the supernatant after each addition. The omission of 
this precaution can result in the loss of the whole preparation, since phos- 
phatase, once adsorbed, cannot be recovered in soluble form. 

10 cc. of a suspension of aluminum hydroxide Cy (10) are addedslowly 
with vigorous shaking to each 100 cc. of the dialyzed enzyme solution. 
After centrifugation, the activity per mg. of nitrogen is determined in the 
supernatant, and the adsorption of the supernatant is continued with 
smaller amounts (5 per cent) of aluminum hydroxide, until the enzyme 
activity per mg. of nitrogen reaches its maximum. At this stage the solu- 
tion is only very slightly opalescent and almost colorless. One adsorption 
with 10 and three subsequent adsorptions with 5 per cent of the aluminum 
hydroxide suspension are usually sufficient to achieve the maximum 
purification possible. The amount of aluminum hydroxide used should be 
kept near the minimum required, since increasing amounts of phosphatase 
are lost in the solid phase as the purity of the enzyme approaches its 
maximum. If the adsorption is carried out cautiously, the loss does not 
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exceed 35 per cent of the amount of enzyme present before adsorption, 
The activity per mg. of nitrogen in the supernatant is usually 2400 units, 

Removal of Contaminating Trypsin—All phosphatase preparations ob- 
tained by the procedure described above contain small amounts of trypsin. 
They give rise to definite increases in the formol titration and the amino 
nitrogen values when a solution containing 200 phosphatase units is in- 
cubated with 1 per cent gelatin at pH 8.5 for 24 hours. Such contamina- 
tions with trypsin would render impossible studies concerning the action 
of phosphatase on phosphoproteins. 

The trypsin can be removed by shaking purified phosphatase solutions 
with 5 per cent kaolin and filtering the solution. When this procedure is 
repeated three times, no detectable amounts of trypsin are present in the 
resulting solution of phosphatase. Simultaneously the kaolin treatment 
practically eliminates small contaminations of ribonuclease. ‘The loss of 
phosphatase incurred during the kaolin adsorption is negligible. 

Precipitation of Phosphatase by Means of Acetone—At this stage of the 
preparation, the precipitation of phosphatase with ammonium sulfate has 
no further purifying effect. However, it can be used to obtain the enzyme 
in the form of a more concentrated solution. This is advisable if the con- 
centration of phosphatase in the supernatant from the adsorption proce- 
dures is less than 200 units per cc. In this case the enzyme is precipitated 
with a yield of from 60 to 80 per cent by adding 60 gm. of ammonium sulfate 
to each 100 cc. of the supernatant. The precipitate is filtered over a thin 
layer of Hyflo Super-Cel, washed, and dissolved in a conveniently small 
volume of 0.05 N ammonia buffer. The ammonium sulfate is removed by 
dialysis as described before. 

Usually, however, it is not necessary to concentrate the enzyme solution, 
and it is preferable to precipitate the supernatant directly with acetone. 
For this purpose 4 volumes of redistilled, ice-cold acetone are added slowly 
to 1 volume of the ice-cold supernatant. The mixture becomes opalescent 
when the concentration of acetone exceeds 45 volumes per cent, and a white, 
granular precipitate of microcrystalline appearance settles out after the 
mixture has stood for a short time in the refrigerator. The precipitate can 
be easily separated by centrifugation and is readily soluble in water. For 
reasons of stability it is dissolved in a small volume of 0.02 N ammonia 
buifer of pH 8.8. This solution contains 90 per cent of the phosphatase 
present in the supernatant from the adsorption. After one reprecipitation 
with acetone, the activity amounts to 4000 units per mg. of total nitrogen. 
The acetone precipitate can be dried in vacuo without loss of activity or 
solubility and represents the most suitable form of phosphatase for chemi- 
eal analysis. However, we usually stored the enzyme as an aqueous solu- 
tion which kept its activity unchanged for many months. The solution 
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of the second acetone precipitate was always dialyzed overnight in the 
refrigerator against 10 liters of 0.02 N ammonium acetate buffer of pH 8.9. 
Collodion bags were used for this purpose. The final yield of the enzyme 
amounts to approximately 30 per cent of that present in the intestinal 
mucosa. The outlined procedure was carried out on many different batches 
of material and gave easily reproducible results in regard to yield and 
purity of the enzyme. 

Some Chemical Properties of Purified Phosphatase—All samples of purified 
phosphatase give positive biuret and Molisch tests. They reduce alkaline 
copper solutions after hydrolysis with N hydrochloric acid. The poly- 
saccharide content of purified phosphatase is very considerable. We 
determined the carbohydrate content in several phosphatase preparations 
according to the method of Somogyi (11). In the following, we report the 
results of such an analysis. 

5 ec. of a dialyzed phosphatase solution contained 8.2 mg. of dry ma- 
terial. The solution was free of ammonia and gave 2.2 mg. of ash after 
combustion in a platinum crucible in an electric furnace. 

2 ec. of the solution contained 0.242 mg. of total nitrogen, according to 
the method of Kjeldahl. 

0.01 ec. of the solution formed 0.485 mg. of inorganic phosphorus under 
standard conditions, corresponding to a content of 4000 phosphatase units 
per mg. of nitrogen. 

A glucose determination according to Somogyi was carried out on 3 ce. 
of the solution. No glucose was found. 

3 ec. of the solution were refluxed with N hydrochloric acid for 3 hours. 
After neutralization, the volume was made up to 10 ce. A glucose deter- 
mination according to Somogyi was carried out in an aliquot of 3 ce. 
The solution consumed 2.1 ce. of a 0.005 N solution of iodine, corresponding 
to a carbohydrate content of 0.254 mg. (calculated as glucose). 

From the reported values it was calculated that the analyzed sample of 
phosphatase contained 10.1 per cent nitrogen and 21.2 per cent polysac- 
charide (calculated as glucose). 

It is obvious that the values per 100 gm. of dry weight represent only 
approximate estimations, since it is arbitrary to consider the total amount 
of ash as a contamination. ‘ 


DISCUSSION 


The presence of a polysaccharide in highly purified samples of phos- 
phatase is of considerable interest in view of the readiness with which 
phosphate reacts with carbohydrates in the organism. On the other hand, 
it is well known how tenaciously polysaccharides can adhere to proteins 
during the procedure of purification. It will be possible to decide by elec- 
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trophoresis or sedimentation experiments whether the polysaccharide is a 
constituent of the phosphatase molecule or a contamination. Unfortun- 
ately, an examination of phosphatase by these methods could not be 
carried out in our laboratory owing to the lack of the special equipment. 


Data Concerning Kinetics of Alkaline Phosphatase 


Influence of Substrate Concentration on Activity of Alkaline Phosphatase- 
It is obvious that the description of phosphatase would be greatly facilitated 
if the effect of this enzyme on its various substrates could be characterized 
by the computation of Michaelis-Menten constants. The knowledge of 
these constants would enable us to compare the behavior of the enzyme 
towards various substrates under given temperature and pH conditions 
without reference to the substrate and enzyme concentrations in the 
individual experiments. 

Unfortunately the application of the Michaelis-Menten equations to the 
action of alkaline phosphatase is at present very limited, owing to the 
peculiar kinetics of the action of this enzyme. When we investigated the 
action of phosphatase on three typical substrates, phenyl phosphate, 
8-glycerophosphate, and inorganic pyrophosphate, we found that only the 
hydrolysis of phenyl phosphate represents a unimolecular reaction. Only 
in this case was it possible to determine the initial rates of the enzyme action 
with sufficient accuracy to allow the application of the Michaelis-Menten 
equation. Fig. 1 represents an experiment with pheny! phosphate in which 
the influence of the substrate concentrations on the rate of hydrolysis was 
investigated (Curve A). The Michaelis-Menten constants as computed 
according to Lineweaver and Burk (12) were found to be 7.20 & 10~-°, 7.20 
x 10-°, 7.30 XK 10-°, 7.20 X 10~- for substrate concentrations of 1.8, 0.9, 
0.54, 0.36 mM respectively (Curve B). The amount of phosphatase present 
in all samples of this experiment was 0.19 unit. In another experiment in 
which 0.045 unit of enzyme was used the values for the constant were 7.8 X 
10-> and 7.5 X 10-5 for substrate concentrations of 0.54 and 0.36 mM 
respectively. The agreement between the results obtained with two 
different enzyme concentrations appears satisfactory in view of the circum- 
stance that the low substrate concentrations at which the rate of hydrolysis 
approaches its maxirhum necessitates the use of very small amounts of 
enzyme in order to keep the extent of the hydrolysis below 5 per cent ol 
the total amount of substrate. The values obtained with the larger amount 
of enzyme should be considered more reliable than those with the smaller 
amount of enzyme. It might be noted that the range of substrate con- 
centrations at which the rate of hydrolysis reaches its maximum agrees 
well with that observed by Folley and Kay (13) for the alkaline phosphatase 
of the mammary gland. These authors found in addition an inhibitory 
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effect of substrate concentrations beyond the optimum and considered the 
possibility that the enzyme forms at least two compounds with the sub- 
strate. They assumed that only one of these compounds forms phenol 
and inorganic phosphate on decomposition (14). We have extended our 
investigation over a range of substrate concentrations from 0.8 mM up to 
125 mm and found indeed a slight inhibitory effect in the higher ranges of 
concentrations (Fig. 1, Curve C, and Fig. 2). However, it seems to us that 
this effect is too small to warrant the application of Haldane’s equation or 
to influence appreciably the calculation of the Michaelis-Menten constant, 
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Fic. 1. Curve A, influence of the substrate concentration on the enzymatic hy- 
drolysis of sodium phenyl phosphate. Curve B, curve obtained from the data of 
Curve A according to Lineweaver and Burk. (c, substrate concentration in mm; 
v, micrograms of phosphate formed during 4 minutes of incubation.) Amount of 
phosphatase, 0.19 unit; time of incubation, 4 minutes; total volume, 11 ec. containing 
10 ec. of 0.1 N veronal buffer of pH 9.23. Curve C, influence of the substrate concen- 
tration on the enzymatic hydrolysis of sodium pheny! phosphate. The amount of 
enzyme used was twice as much as that used for Curve A. The curve covers a higher 
range of substrate concentrations. 


which is based on the rates of hydrolysis in the range between 0.36 and 1.8 
mM substrate concentrations. 

On hydrolysis, 8-glycerophosphate behaves somewhat differently from 
phenyl phosphate, inasmuch as the enhancing influence of increasing sub- 
strate concentrations is observed up to the highest investigated concentra- 
tions without the existence of an asymptotic part of the curve (Fig. 3). 

Pyrophosphate, which is split by phosphatase at low concentrations, 
progressively inhibits the action of the enzyme in the ranges of higher 
concentrations until the activity of the enzyme practically ceases (Fig. 4). 
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The concentration at which the inhibition is complete depends on the 
I 

amount of enzyme present (Table I). 28 units of phosphatase are com- 

pletely inhibited in 80 mm pyrophosphate solution. The observations 
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concerning the py rophosphate inhibition of phosphatase suggest the idea 
that phosphatase might be a metal protein capable of forming complexes 
with pyrophosphate. 

TABLE I 


Influence of Concentration of Phosphatase on Concentration of Pyrophosphate Nece ssary 
for Total Inhibition of Phosphatase iction 


Time of incubation, 20 minutes; total volume, 11 ec. containing 10 ec. of 0.1 N 
veronal bt ie! mecentration ot pvt »phosphate, 105 mu: pH 9.32 
Phosphata Phosphorus forn Per cent hydrolysis 
mk 
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Fic. 5. Influence of the addition of various amounts of sodium phosph ite on the 
hydrolysis of sodium phenyl phosphate (Curve A) and sodium 8-glycerophosphate 
Curve B Amount of phosphatase, 2.5 units; time of incubation, 5 minutes; total 
volume, 11 ec. containing 10 ec. of 0.1 N veronal buffer; pH 9.15. 

Fie. 6. Influence of sodium phosphate (1 mm) on the hydrolysis of sodium 8-glyc- 


erophosphate in presence of varied amounts of substrate. Curve A, no sodium phos- 
phate added; Curve B, 1 mm sodium phe sphate added; amount of phosphatase, Be 
units; time of incubation, 5 minutes; total volume, 12.5 ec. containing 10 ec. of 0.1 


N veronal buffer; pH 9.15 


Influence of Split-Products—W hile the alcohol moieties of the substrates 
are practically without influence on the rate of phosphatase action in the 
range of low concentrations, a very marked inhibitory effect of phosphate 
ions is characteristic for the hydrolysis of all investigated substrates (Fig. 
5). The effect is at least partially competitive, since its intensity lessens 
with increasing substrate concentrations (Fig. 6). It is plausible to assume 
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that phosphatase combines with its substrate at the phosphate radical 


exclusively. This assumption would also explain the lack of specificity of 


phosphatase action 

Time Curves—Out of all investigated examples of phosphatase action, 
only the hydrolysis of pLenyl phosphate follows the course of a unimolecular 
In the case of the other investigated substrates the rates drop 


\lthough the phosphate inhibition is in part responsi- 


reaction. 
faster (Figs. 7 and 8 
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the enzymatic hydrolysis of sodium monopheny! phosphate 


Fic. 7. Time curves of 
Curve A) and sodium 8-glyee rophosphate Curve B Amount of phosphatase, 3.6 
units: conce ntration of substrate, 8.5 mM: total volume. 11 ec. containing 10 ce. of 


‘= 


0.1 veronal buffer; pH 9.15 


Fic. 8. Time curves of the enzymatic hydrolysis of sodium pyrophosphate in pres- 
ence of varied amounts of phosphatase Amounts of enzyme, 120, 12, 4.8, and 2.4 
phosphatase units in Curves A B,C, and D respectively: concentration of substrate 


ll ec. containing 10 ec. of 0.1 N veronal buffer: pH 8.9 


6.5mm; total volume 
ble for this behavior, it is not yet possible to decide whether it is the only 
reason for the peculiar slope of the time curves. 

Activators and Inhilntors of Alkaline Phosphatase 


Magnesium Ions—The influence of added magnesium salts on intestinal 
phosphatase is very slight (Table II). This fact has already been empha- 
sized by Armstrong (1). Since the enhancing effect of magnesium salts 
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is still increasing in the ranges of rather high concentrations, it is difficult 
to decide whether the effect is due to a specific activation of the enzyme or 
simply to the removal of phosphate ions. 

Amino Acids (Cysteine Excluded)—No appreciable effect of glycine or 
alanine on the action of phosphatase could be detected. Hove, Elvehjem, 
and Hart (15) reported in 1940 that zine salts in combination with amino 
acids have an activating effect on dialyzed intestinal phosphatase from 
rats. In our experiments with dialyzed and purified phosphatase from 
ealves, the addition of 1.5 mM alanine and 0.05 mm™ zine sulfate, either 


TABLE II 
Influence of VW agnesiu m Tons on Intesti nal Phosphatase 
Total volume, 11.5 ce. containing 10 ec. of 0.1 N veronal buffer of pH 9.2; 12.5 mm 


g-sodium glycerophosphate; 1.35 phosphatase units; incubation, 15 minutes at 37°. 


Magnesium chloride, m™ 0.2¢ 1.3 6.5 32 


Phosphorus formed, mg 0.110 0.123 0.125 0.129 0.141 
rasie [I] 


Inhibitor J, Effect of Cysteine on Intestinal Ph s phatase 


Standard conditions, 2.5 units of phosphatase 
Cysteine added, ma 
Inorganic phosphorus formed, mg. 0.248 0.236 0.164 0.092 0.064 
TABLE I\ 


Influence of (CN Tons 


Total volume, 13 ce. containing 10 ec. of 0.1 N veronal buffer of pH 9.2; 12.5 mm 


8-glycerophosphate ; 2.3 phosphatase units 
NaCN, ma 7.5 15.0 
Phosphorus formed in 15 min.. mg. 0.203 0.104 0.089 0.026 


separately or in combination, had no influence on the activity of the 
enzyme. 

Bile Acids—No effect on the activity of phosphatase was observed on 
addition of sodium cholate in various concentrations. 

Fluorides—Fluorides up to 50 mM concentrations have no effect on in- 
testinal alkaline phosphatase. 

Cysteine—Several investigators have observed the strong inhibitory 
effect of cysteine on alkaline phosphatases prepared from various sources 
(16,17, 18). We obtained similar results with purified intestinal phospha- 
tase (Table ITT). 

Cyanide—The data reported in Table IV demonstrate the strong in- 
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hibitory etfect ol cyanides in small concentrations Chis result supports 
the view already suggested by the etrect ol py ropl ( sph: TK that pl osphatase 


is probably a metal protein compound 


CS ner / 
OO} / 
oes , P nambhnonhaf Fig 0 le onstrates ¢ seth ot hanetival. 
LUCY yropie pP a ivy : emon Lé e action exhaustively 
dialy zed | he sphatase on ade ny! pyrophosph: te The course of the reac- 
tion was followed up to a point at which 78 per nt of the substrate was 
hydroly zed While it is evident that all three phosphat linkages are at 
tacked by the enzyme, it appears that the tw cC1d-! olyzable linkages 
are split faster than the non-hydrolyzable ester linkag Chis observation 
is in complete agreement with the results obtained by Liebknecht (19) in 
Lohmann’s laboratory with bone phosphatas¢ [t is in contradiction t 
the observations of Barrenscheen (20 vho claims that only the non 
e i rge P 
€ 30 A 
—. sable 
. sable 
; 
M es 


hydrolyzable phosphate linkage is split by alkaline phosphatase. We 
convinced ourselves that adenyl pyrophosphate is stable under the condi- 


g : : , 
tions of our experiment in the absence of phosphatas 
I 


} 


Phospl pyruvic a l split 1v intestinal phosphatase 1) units ol the 


dialyzed enzyme are sufficient to release 85 per cent of the total phosphorus 
from 10 ec. of a 10 m™ solutior ithin GO minutes 

Diphenylphosphoric Acid—Iling and Delory (21) reported in 1939 tha 
several diesters of phosphoric acid are hydrolyzed by Armstrong’s phos 
phatase. Our own observations agree with the results of these authors 
We found that diphenyl phosphate is split by intestinal phosphatase at a 
rate which is 170 times lower than that of the hydrolysis of the monoester. 


The time curve represents practically a straight line up to 7 per cent hydrol- 


. raN . ] ] s. 
vsis. The split-products are phenol and inorganic phosphate which 
appear at a molecular ratio of 2:1 throughout the course of the hydrolysis. 
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In view of the much faster rate at which the monoester is split, this fact 
does not exclude the assumption of a stepwise degradation. 

Very likely the hydrolysis of the diester is caused by the action of phos- 
phatase itself and not by the presence of contaminating amounts of a hypo- 
thetical ‘“phosphodiesterase.’””’ When we attempted to isolate the enzyme 
responsible for the hydrolysis of the diester from the intestinal mucosa, we 
found it in each stage of the preparation associated with the phosphatase- 
containing fractions. These observations are of course not in contradiction 
to the existence in snake venom of a specific phosphodiesterase, but it ap- 
pears that the term “phosphomonoesterase,”’ sometimes used in the litera- 
ture for phosphatase, is misleading. 

Biological Diesters of Phosphoric Acid—Cephalin, prepared according to 
Parnas (22), lecithin, prepared from egg yolk and brain according to Levene 
and Rolf (23), and sphingomyelin, prepared according to Thannhauser and 
Setz (24), are not attacked even by large amounts of intestinal phosphatase 
(700 units in 10 ec. of 8.5 mm emulsion of the substrates). 

Yeast nucleic acid® is completely dephosphorylated in the presence of 
sufficiently large amounts of phosphatase. The absence of ribonuclease in 
the phosphatase solutions used for the hydrolysis was demonstrated by the 
complete resistance of ribonucleic acid to phosphatase solutions which had 
been heated at pH 5.0 to 80° during 15 minutes. 

In view of the increasing use made of phosphatases in studies concerning 
the structure of nucleic acids (25, 26), we wish to emphasize that alkaline 
phosphatase offers no simple possibilities for the structural differentiation 
of the various phosphorus radicals in ribonucleic acid. 

Thymonucleic acid in its highly polymerized form (prepared according to 
Hammarsten (27)) is not split by phosphatase. 

It is interesting to note the different behavior of ribonucleic acid and des- 
oxyribonucleic acid towards hydrolyzing enzymes. The nucleotides of 
ribonucleic acid, which can be so easily obtained by alkali hydrolysis of 
ribonucleic acid at room temperature, have never been observed as products 
of its enzymatic hydrolysis. The degradation by ribonuclease stops at 
split-products of higher molecular weight, while the hydrolysis by phos- 
phatase leads to the complete release of the phosphorus radicals without the 
intermediary action of another enzyme. 

On the other hand, it has been conclusively demonstrated by Thann- 
hauser and his coworkers (28) that the enzymatic formation of nucleotides 
from desoxyribonucleic acid is the necessary intermediary reaction pre- 
ceding the formation of nucleosides and inorganic phosphate. 

Casein is not split by phosphatase, but is readily dephosphorylated by the 


Lhe subst ince Was obtained trom S« hwartz Labor itories [ne New York It 


Was purified by two precipitations with glacial acetie acid 
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enzyme after previous treatment with commercial trypsin. ‘This observa- 
tion suggests the assumption that the phosphorus groups in casein are not 
present as “‘end-groups,”’ but participate in the linkages between the amin 
acids. 

It will be of interest to investigate which one of the proteolytic com 
ponents of crude trypsin—trypsin, chymotrypsin, or carboxypolypeptidas, 

renders the phosphate radicals in casein susceptible to the action of 
phosphatase. Such information might be helpful in characterizing th 
different specificities of trypsin and chymotrypsin 


SUMMARY 

|. A method for the purification of alkaline intestinal phosphatase is 
described. 

2. The kinetics of the enzymatic hydrolysis of sodium pheny! phosphat 
and sodium 8-glycerophosphate have been studied 

3. The influence of some substances on the activity of purified alkaling 
phosphatase has been investigated. It was found that the enzyme was in 
hibited by small amounts of cysteine and cyanide ions, but not by fluoride 
ions. Magnesium ions had a very slight activating effect. Zine salts, 
alanine, and bile salts were without effect 

t. The specificity of alkaline intestinal phosphatase has been studied 
Phosphopyruvic acid, pyrophosphoric acid, adenylpyrophosphoric acid, and 
diphenylphosphorie acid were hydrolyzed, while phosphatides were found 
to be completely resistant to the enzyme. The phosphoric acid radicals of 
veast nucleic acid were completely released as inorganic phosphate in the 
presence of intestinal phosphatase, while highly polymerized thymonuclei 
acid was not split under the same conditions. Casein and phosphovitellit 
were not attacked by the enzyme, but it was found that the phosphoric acid 
radicals of these phosphoproteins were readily liberated as inorgani 
phosphate after preliminary treatment of the proteins with crude trypsin 
5. As much as 20 per cent of a polysaccharide was regularly found to be 


present in samples of purified phosphatase 
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Investigations in progress in this laboratory concerning the usefulness of 
vegetable juices as media for growing antibiotic producing organisms re- 
quired a rapid and accurate method for the quantitative determination of 
tyrothricin. ‘The usual assay method for ty rothricin is based on the inhibi- 
tory effect of this substance on the growth of various test organisms such 
as Lactobacillus casei, M. Y. coccus (an unidentified micrococcus obtained 
from Merck and Company, Inc.), and Staphylococcus aureus. By the serial 
dilution technique it is possible to arrive at values roughly indicating the 
concentration of tyrothricin. As routinely carried out, this method is, 
however, subject to the usual limitations of such methods; namely, low 
degree of accuracy, slowness, and variations in the test organisms. 

Another method, which probably gives more accurate values than the 
microbiological method, is the actual isolation of tyrothricin from the cul- 
ture media by the method of Dubos and Hotchkiss (1 \s will be shown 
later in this paper, about 75 per cent of the activity is usually recovered by 
this procedure. 

The hemolytic properties of tyrothricin' have been reported by various 
workers (1-5). Apparently the possibility of utilizing this property for 
assay purposes has not been investigated. In planning the research re- 
ported here it was considered that, if this action is inherent in the bacterici- 
dal substance, it would be possible to measure the degree of hemolysis ot 
red blood cells and to establish a relationship between the amount of bac- 
tericide and the degree of hemolysis. If this relationship could be estab- 
lished, a quantitative determination of tyrothricin in unknown solutions or 
media should be possible. Experimental work has substantiated this idea, 
and a method has been developed by means of which it is possible to deter- 
mine as little as 100 mg. of tyrothricin per liter of media, with an accuracy 
of about 5 per cent. 

Although tyrothricin is a mixture of two substances (tyrocidine and gramicidin), 
the proportion of the two, so far as is known, is constant in culture media and in iso 


ited materi 








3358 DETERMINATION 


— 


EXPERIMENTAI 


Preparation of Standard Tyrothricin Solution \ stock solution is prepared 
by adding 50 mg. of tyrothricin to 1 liter of 95 per cent aleohol. The 


tvrothricin used in these experiments was isolated, by the method employed 
by Dubos and Hotchkiss (1) with a slight modification, from Bacillus brews 
culture grown on media made from an extract of dehydrated asparagus 
butts. The activity of this standard solution, as determined by the method 
described in this communication, was found to be comparable, within expel 
imental limits, to the activities of (1) a sample of tyrothricin furnished by 
Merck and Company, Inc., and (2) mixtures of crystalline tvrocidine hydro 
chloride and crystalline gramicidin in proportions ranging from 5 to 35 pe 
cent of gramicidin. 

Prepa ation of Stock Erythrocyte Suspensvor Rats of a Sprague-Dawle 
strain were used as a source of the erythrocytes. The rats were anesthe 
tized with chloroform, and the blood was drawn | om the heart into 
tion, The 


amount ol blood about 5 m| Was measured to the nearest 0). ] mil.. and 


syringe containing 0.5 ml. of saturated sodium oxala 


after being mixed was diluted with 85 ml. of 0.87 per cent saline The 
suspended cells were then centrifuged, and the supernatant was carefully 
poured off. The cells were then diluted with 0.87 per cent saline to 10 times 
the original blood volume, and were stored in an ice chest The stock 


preparation must be freshly prepared everv 3 or 4 davs 


{nalytical Procedu 


Ponder has pointed out in a series of publications (6) that the degree of 
hemolvsis of red blood cells can be accuratels measured by) colorimetric pro 
cedures. For the present investigation a Klett-Summerson photoelectri 
colorimeter, equipped vith a 660 muy filte r, was emploved Chis filter 
allows a maximum of light to be transmitted with hemolyzed blood, and the 
maximum change in transmission between the unhemolyzed and_ the 


hemolyzed cells is obtained. 


- 1 " 
} 


For test purposes the following method is used 5 mil. ot the stock blood 


preparation are diluted to 190 ml. with O.87 per cent saline and placed ina 


500 ml Erlenmeyet flask This enables the operator to shake the sus 
pende d ce lls before each sample is removed Aiter this diluted suspension 
has stood for about 15 minutes it Is shake na time or twe ind 10 mil. are 
pipetted into a calibrated colorimeter tube Che initi eading of this cell 
suspension should be between 80 and 90 divisions on a Klett-Summersot 
colorimeter which has been adjusted to zero with distilled water. This 
initial re ading mi\ fluctuate two or three divisions ! erage reading 
should be constant for several hours and should be 1 in the calculations 


\ calibration curve must be prepared for each diluted blood preparation 
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For this purpose seven standard tyrothricin solutions are made by diluting 
the stock solution with 95 per cent aleohol. These standards contain 8 to 
%) y of tvrothricin pel mil. of aleohol. 

The initial reading of the standard cell suspension is checked, and the 
tube is removed from the instrument. 0.5 ml. of one of the standard tyro- 
thricin solutions 1s added with a 1 ml. serological pipette and, in order to 
mix the contents, the thumb is placed over the opening of the tube which is 
inverted slowly four times. ‘The tube must not be shaken, since the mixing 


has been found to be somewhat critical, and the directions given should be 
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Fig. | Che rate of he moly sis of a standard « ry throcyte suspension with varying 
amounts of added tyrothricin. AS = change in transmission of light 
Fig. 2. Calibration curve. The relationship between the micrograms of tyrothri 
in and hemolysis of a standard erythrocyte suspension in 2 minutes 
followed precisely. A stop-watch is started at the time of the fourth inver- 


sion, and readings are taken at 40, 60, 90, 120, and 180 seconds. These 

ilues are subtracted from the average initial reading and recorded. They 
epresent the log of the change in transmission of light (AS). By plotting 
log AS against time for various concentrations of tvrothricin a family of 
curves is obtained (Fig. 1). 

It was found nece ssary to add the tvrothricin dissolved in alcohol to the 
blood cells in order to get reproducible results. This may be due to the 
low solubility of tyrothricin in water. With alcohol as a solvent a simple 
quantitative extraction of the culture media is also made possible. Aleo- 








sO) ) 7 ( 


ne It s¢ I I c ¢ t on tne blood ¢ Su sup to LO yt 
( n 10 5 It does show, ho ry ¢ 
é ( e re rie on ot the tvrott | ( ~ son 1 S r 
essary to add onstal imoun 0.5 ml] ohol to 10 ot the bloo 
cells If this procedure is followed, the inhibitory effect of th hol is 
constant 

[In order to prepare the calibration curve (Fig. 2 ne As es are taken 
from the flat portion of each curve (the 2 mir eading 1 these lues 
are plotted agaimst thei respective tvrothriu concentrations In this 
manner a straigi ei obtained wi ic] Wil ©] etl ( | hn concen 
tration with the change in transmission. Thus, it es ible t 
determine the tyrothricin content of anv given alcoholic solutio easul 
ing the change in transmission which is caused by 0.5 ml. of this solutior 

The ealibi it10On ¢ irves | ive een constructed ! clilte ST 
ples of blood obtained from different rats, and i é es havi 


been si his has been found true also for different 


same stock of erythrocytes taken on different d 


Since the range of this test is rather narrow, cove ring g 


pel 0.5 ml. of alcohol, it is necessary to adjust the concentration Of an un- 


known alcohol solution obtained from the extraction 

so that its concentration will fall within these limits This is done by 

diluting the alcohol solution with pure 95 per cent alcohol (see Table | 
Che assay of drv isolated material may be accomplish L by simply weigh- 


( und clissoly ing it ina de finite volume of aleohol. 
rhly shaken culture 1s 


rT) 


Ing OUT a SAI 


For th ssav of culture media, 1.0 ml. of a thorough 
pipetted into a 15 ml. conical centrifuge tube. 9 ml. of 95 per cent alcohol 
are then added, and the tube is shaken vigorously, Chis shaking forms 4 


Che SUSpeE nade d extracted ct Ils, altel 


hine suspe nsion of cells in the alcohol. 
this aleoholic extract 


standing , hour, are centrifuged of. Dilutions ol 
with alcohol are made, and the re sulting solution is assaved as previousl) 


described. 
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The 1 9 ‘thricin pe of the culture may bi 
ealculated by multiplving the number of micrograms read from the calibra- 
tion curve by the proper facto Chis factor will depend upon the dilution 
of the alcoholic extract. Table I gives the dilutions and the corresponding 
factor touse. ‘The formula is as follows: micrograms read X factor = tyro- 
thricin per ! of culture 


t the accuras of the method under conditions used in the 


arving amounts of tvrothricin were added to a fully 


gc oc ng 
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crown Bar is bre s culture. and the culture v as then tested according to 
the procedure give Table II gives a summary of the results obtained 
Isolation Studies—Several Bacillus 6 s cultures were assayed by the 
hemolytic method as described. The cultures were then extracted with 
alcohol and the tyrothricin was isolated and weighed. The dry isolated 


material, when assayed, appes red to have vary ing degrees of activity per 
unit of weight (80 to 100 per cent) as compared to the actin ity of the pure 


tyrothricin standard (Column 3, Table III). The per cent of the total 


} 


activitv recovered from the culture media is given in Column 4, Table ITI. 
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Additional unpublished data indicate ore activity is recovered wher 


proaches 100 per cent in activity. 
Hemolytic Action of Components—Mixtures of gramicidin and tyrocidine 


of varying proportions have been prepared, and the hemolytic actions of 


these mixtures as well as the actions of the two pure components have been 
letermined D\ the colorimetric procedure AS ce seribed above Ihe degre 
of hemolvsis reached at the end of 2 minutes is very nearly constant Lrrespec- 


tive of the mixture, within the range of 5 to 35 per cent gramicidin (Table 


[\ lhis variation in composition is greater than that thus far found for 
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natural tvrothricin but the results offer assurance that variation in composi 


tion of natural tvrothricin is not like ly to affect the accuracy of the method 


SUMMARY 


\ quantitative method, based upon the hemolytic action of tyrothricin 


has been described for the determination of tyrothricin in culture media 
This method is accurate to within 5 per cent, as determined by recover) 
experiments and as little as 100 y ol tyrothricin pel ml. of culture can be 


measured. 1 ml. of culture is sufficient for test purposes 
I I 


Isolation studies indicate that about 75 per cent of the activity of a cultur 


is obtained by the ordinary extraction procedures 
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The two crystalline compounds were separated 
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The bone marrow throughout extrauterine life is the source of the 
erythrocytes, the granulocytes, and the blood platelets, cellular constituents 
of the blood which are vital to mammalian existence. The study of a 
fatty organ thus actively engaged in the production of important cells 
should present many fundamental problems in lipid chemistry \ review 
of the literature vielded little information concerning marrow lipids. A 
few investigators have determined the amounts of total lipid (1-3), phos- 
pholipid (1, 2, 4-6), and cholesterol (1, 2, 6) in the marrow of different 
animals, but these values differ widely. The character of the fatty acids 
found in marrow has been described by Cheng (7) and Hilditch and 
Murti (8 

The loss of fat from marrow which has become hematopoietically active, 
as in anemia, is well known. However, there have been no chemical 
investigations of how much fat is lost and what changes occur. The 
objects of this work were (a) to determine the qualitative and quantitative 
composition of the lipids in normal marrow, (6) to increase the activits 
of the marrow by inducing anemia, and (c) to determine the resultant 
changes in the marrow lipids. Marked quantitative changes have been 
observed; the significance of these is discussed 

EXPERIMENTAI 

Source of Material and Method of Sampling—Cats were chosen as the 
experimental animals because their long bones contain an adequate amount 
of red (active) marrow. Adult male cats, weighing between 3 and 5 kilos. 
vere anesthetized with ether, the jugular veins were severed, and the 
animals allowed to bleed to death The marrow was removed from all the 
long bones,' weighed to the nearest mg., and placed in 95 per cent alcohol 


inalyt cal r CCAUTES The marrow samples vere extracted \\ ith aleohol- 


These studies ure taken from a thesis submitted to The University of Rocheste1 
n partial fulfilment of t} equirements for the degree of Doctor of Philosophy, June 
1949 
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anemia. Further evidence (Table Il) of this constancy is seen in the 
average phospholipid to cholesterol ratios (normal 7.3; anemic 7.4) and 
in the average ratios of the molar concentrations of choline to phosphorus 
normal 0.87; anemic 0.89). This constancy indicates that each of the 
lipid fractions is equally important in the building of blood cells. The 
probable reason for their increase in marrow during anemia is that more 
material is needed for the all-out production of blood cells. 

Phospholipid and cholesterol may be incorporated directly into the 
blood cells, since these cells have been shown to contain 500 mg. per cent 
of phospholipid (19) and about 100 mg. per cent of cholesterol (24). Sin- 
clair (25), using elaidic acid, and Hahn and Hevesy (26) using radioactive 
phosphorus have shown that phospholipid is not formed in the red blood 
cell after it has entered the blood stream. These findings seem to 
afford evidence that the phospholipid of marrow is used to build blood 
cells. The similarity of the ratios of phospholipid to cholesterol in normal 
and anemic marrow (average 7) and in red blood cells (average 5) calcu- 
lated from data of Hunter (19) and Erickson et al. (24) suggests that the 
cholesterol in marrow is also used to build cells. The increase of these 
compounds in marrow during anemia may be attributed to the need for 
the increased production of cells. 

It is interesting to note that bone marrow like such other tissues as 
muscle (27), corpus luteum (28), mammary gland (29), and tumor (30 
shows an increase in its phospholipid content as the tissue increases in 
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$02 LIPIDS OF BONE MARROW 


from the blood-forming tissues into the blood in a greate! quantity than 


the normal mechanism can dispose of at once. Our results support this 


explanation in part, since neutral fat is lost from marrow during anemia. 
However, the increase of the other lipid fractions in marrow may be 
accounted for by a mobilization of these materials from other tissues to 
marrow via the plasma. Therefore, the lipemia may result from the 
transport of lipids both to and from the marrow during anemia 


Red marrow trom normal cats vas 


found to contaimn 35.9 pel cent water and 51 f) per cent total lipid In 
water content 


Re lationsi ip he fiveen Wate and Fat 


nema the lipid content cle creased to 24 5 per cent and the 
It is evident that an inverse rela- 
Fig. | fF 


increased to 59.5 pe cent (Table | 


tionship exists hetween the water and fat content of marrow 


Fic. 1. Tl elationship between water 


view of the large amount of fat in marrow and the changes undergone 


during anemia, it seemed worth while to estimate whether fat is deposited 
If water and lipid 


in the marrow with an associated quantity of wate 


are calculated as per cent of lipid-free marrow, any 
the lipid would serve to increase the calculated wate percentage as the lipid 


water associated W ith 


increased Since there was little change in the wate percentages (dry, 


lipid-free basis) with various amounts of lipid, it seems logical to conclude 


that water does not accompany the deposition of the lipid in marrow. 


SUMMARY 


i reduction in the 


|. In anemia, bone marrow loses total lipid, owing to 


neutral fat fraction. Che phospholipid, Iree tatty acid, cholesterol, and 


cholesterol-free non saponifiable fractions increase in anen 
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9 The ratios of free to bound cholesterol, of phospholipid to cholesterol, 
5 and ol the molar concentration of choline to that of phosphorus show no 
significant change during anemia 
3. There is no significant change in the iodine number or mean molecular 
veight of the ratty acids of marrow during anemia. 
i. The lipemia after acute hemorrhage may be due to the transport 


of lipids to and from the marrow. 


5. An inverse relationship exists between the water and lipid content 
of marrow 
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106 INACTIVATION OF TRYPSI> 


centers are alike in their action and, therefore, probably alike in then chem 


ical constitution 





EXPERIMENTAI 
Preparation of Trypsin—The crystalline trypsin was obtained by the 
method of Kunitz and Northrop (8 Its purity was determined by its 
rate of hydrolysis of benzovlargininamide The activity coefficient was 
0.038. in close agreement with results prey lOUSI\ reported 4 
lhbso plior Spect im The absorption spectrum oF the trypsin Was ae 
termined in M/15 phosphate buffer solution, pH 4.5. The trypsin con 
centration was 2.5 « 10 M. based on a molecular weight of 36.500 The 
spectrum is shown in Fig. |. This agrees with that previously reported 
_ ’ — a . 
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wave-length positions of the maximum and minimum absorption 


$) am the 
50.000) at the 


and also in the value of the molecular extinction coefficient 


position of maximum absorption at 2800 A. However, ¢ at 2506 A , 


has a value of only 12,000, in contrast with the reported value of 29,000 ( 
The molecular extinction coefficient is here defined in the usual manner, , 
/ tj 

‘ wr j 
dl 
vhere C is the concentration in moles pel liter, J is the | nygth ol path In cm Qi 
through the solution, and J, and J, are the incident and transmitted light t] 


intensities, respectively The absorption measurements were made b 
phi 


Dr. V. R. Ells in the University of Missouri Spectrographi 
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Irradiation Technique—-A water-cooled capillary mercury vapor lamp 
perating at atmospheric pressure served as the source of the ultraviolet 
radiation. The crystal quartz monochromator had a Young type of 
mounting, as previously described (3); its rectangular exit slit had an 
area of 10.08 sq. mm. The intensity of the radiation was measured by a 
surface type of vacuum thermopile with Ag-Bi elements, calibrated against 
a United States Bureau of Standards Lamp C-24! \ galvanometer scale 


25.2 ergs pel second. \ 


deflection of | cm. represented an energy flow of 
rectangular, fused quartz irradiation cell, 4 K 10 & 40 mm., was used for 
all irradiation trials It was placed directly in tront of the thermopile 
face. The trypsin solution, at a concentration of 2.5 & 10°° mM and pH 
15, was stirred continuously by a motor-driven quartz rod during 
rradiation 

The energy absorbed by the active trypsin in the solution was calculated 
from the incident energy by taking into account a variety ot factors These 
neluded reflection and absorption losses by the front face of the irradiation 
cell, absorption by the buffer medium, and absorption by the inactivated 
trypsin. Since the concentration of the inactive trypsin is continually 
ncreasing during irradiation, an average value for its absorption was ob 


tained D\ graphical integration 


tetivity Determinations Three substances were used as substrates fot 
the native and irradiated trypsin solutions These were hemoglobin, 
aseln, and benzovlargininamide:; the last Was prepared by Vii \ 1) 
\ieLaren in the torm of its hvdrochloride cf LO The hemoglobin 
solution was prepared from beef blood by the method of Anson (6 The 


‘asein solution was prepared from casein (Merck, according to Hammar 
sten), kindly furnished by Dr. D. Mazia of the Department of Zoology 
Curves representing the relationship between the extent of hvdrolvsis and 
enzyme concentration were determined for each ot the substrates for each 
experimental method emploved ; these curves were used as reference curves 
for determining the extent of the inactivation of the irradiated try psin. 

Be nzoylargininamide The benzovlargininamide solution was prepared 
at a concentration of 0.04 mM in M/15 phosphate-NaOQH buffer at pH 11.5; 
0.5 ec. of the trvpsin solution was added to 0.5 ce. of the substrate solution 
ind the mixture was incubated for | hour at 35° and pH 7.5 Che extent 


Ol hydrolvsis vas determined by the method of (jrassmann and Heyde 


r cf | vhich consists of a titration of the Ct KOH groups liberated 


during hydrolysis, the titration being carried out in a 90 per cent alcoholic 
solution Phe per cent inactivation Was determined by comparison with 
the corresponding reference curve 

He mogtooin Inactivation measurements with he moglobin is substrate 
vere made by the colorimetric method (6) ¢.nd the formol titration method 


For the former method, the 2.5 & 10-5 Mm enzyme solution was diluted to 
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DISCUSSION 
The quantum yields for trypsin are higher than those re ted for ureass 
nd pepsi here appears to be no direct correlation between quantum 
ield and molecular weight, since pepsin and trypsin have comparabk 
molecula ights lhe vields increase with shorts vave-lengths: thy 
nerease for trypsin appears quite suddenly the region of minimum al 
sorption: for pepsin and urease the increase is gradual rhis difference js 
obably due to the fact that the absorption minimum is much mor 
ked in the case of trypsin; this means that the absorbing regions be 
come more nearly distinguishable and differences in quant efficiene 
ill appear rather sharply 
Che quantum efficiency at 2537 A. is twice that at 2804 A Uber and 
\ieLaren (4) obtained about the same vield at these Oo wave-lengths 
Che difference again appears to be due to the difference nm the absorption 
coefficient at 2500 A. for the trypsin samples used. The value of ¢ 
for their trypsin sample was 29,000, compared with 12,000 for the trypsin 
sed in the present investigation 
Phe act itv of the diated trvpsin decreases exponentially as a result 
of irradiation Such a relation indicates that me hit” reaction is in- 
olved It do it mean, however, that a single quantum hit inactivates 
the ent enzyme molecule rh ould imply the existence of only one 
utive center in the olecule, which is almost certainly not true The 
exponential tion curve shows rather that the itive groups are 
independent } ther in their enzyme action and that Lsingle quantum 
is sufficient to inact ite I one of these groups Thi ndependence ol 
ction does not depend upon the size of the substrate molecule, since the 
exponential inactivation was obtained both with the benzoylargininamid 
and with the protein substrates \ quantum vield of 0.012 or 0.024 does 
not meat therefore that onlv | out of SO or 40 quanta respectively, IS 
effective in inactivating the trypsin molecule Che pepsin acetylation 
xperiments of Herriott and Northrop (11, 12) show that the number ol 
tive centers V be twent nve or more If a comparable number occurs 
in trypsin, the quantum efficiency based on the number of active centers 
s actually ich higher than is indicated by the ‘‘molecular’’ quantun 
ield, and approaches unitv for the shorter wave-lengths 
When the t sin inactivation is measured colorimetrically with hemo 
globin higher quantum vield is obtained than with the other methods 


Since this higher vield is not obtained with the formol titration method 
t is a characteristic of the experim«e ntal method, not of the he moglobin 
substrate By means of the Anson colorimetric method the number ol 
tvrosine residues present in a 0.2 ~ trichloroacetic acid filtrate is deter- 
mined. This concentration acid will precipitate both the denatured 
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hemoglobin and the larger split-products of hydrolysis. If one assumes 
that the several active groups in the trypsin molecule simultaneously 
attack the many susceptible bonds in a hemoglobin molecule, a fairly 
large number of smaller split-products will result. In the irradiated 
trypsin, however, many of the enzyme molecules have a large percentage 
of their active centers inactivated Hvdrolysis of hemoglobin by such a 
molecule will result in larger split fragments, fewer of which will appear 
in the filtrate \n apparently higher quantum yield will result. 

On the other hand, the degree of trypsin inactivation as measured by 
casein hydrolysis is the same with the colorimetric method as with the 
titration method. This means that very nearly the same fraction of 
hydrolysis fragments appears in the trichloroacetic acid filtrate with ir- 
radiated trypsin as with unirradiated 

\ second characteristic of the measurements with hemoglobin is the 
higher vield obtained at 2537 A. by both the colorimetric and the formol 
titration methods. The significance of this result is uncertain. Of the 
amino acids present in the trypsin molecule, only phenylalanine and cystine 
have selective absorption in this region; that of cystine is quite weak. It 
iS possible that the presence ol either of these residues in active form is 


particularly important in the digestion of hemoglobin. 


The writer is indebted to Dr. Fred M. Uber for his advice and direction 

throughout this investigation 
SUMMARY 

|. An absorption spectrum for crystalline trypsin has been obtained 
and has been compared with the spectrum pre viously reported. 

2. Quantum yields for the inactivation of trypsin have been measured 
with three substrates, benzovlargininamide, hemoglobin, and casein. 
Measurements were made colorimetrically and by titration for liberated 
COOH groups 

3. Quantum yields have been obtained at 2399, 2483, 2537, 2650, and 
2804 A. The vields at the three shorter wave-lengths are approximately 
twice as great as at 2650 and 2804 A 

!. The quantum yields as measured by benzoylargininamide and casein 
agree and are independent of the method of determination. For hemo 
globin, the titration method gives results which agree with those with the 
other substrates: the colorimetric method gives values which are con- 
siderably higher. These results indicate that the Anson colorimetric 
technique is not generally applicable to irradiated enzymes. 

5. The inactivation of trypsin follows a simple exponential curve. From 


this it is concluded that the active centers in the trypsin molecule are inde- 


pendent in their action. 
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Cel acetol his cedure vas carried out at room 
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led The mixture was allowed to settle overnight. The 
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cetone on suction f Che precipitate, designated 
erved as tl irting material for the isolation 
ecotropic and lactogenic hormones. It may be stored in 
needed. From 2 kilos of sheep pituitaries, about 35 gm 
( ere obtained 
f Acid-Acetone P The acid-acetone powdet 
ed with 1 liter of 0.10 m NasHPO 6 hours with 
¢ and then centrifuged; as some floating material remained 
. ] 2 no te ] ing 
| 1-5 
‘ | [ +} 1 apy 12 
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{ this first extract, it was filtered alter 


alter prolonged centrifugation « 
centrifugation. The residue was reextracted twice with 600 ec. of th 
same solvent for 12 hours each time. The residue showed no adrenocorti- 
cotropic or lactogenic activities and was therefore discarded 

The combined extracts were then brought to half saturation ot NH, 
SO, by the addition of the solid salt. The mixture was allowed to stand 
for 4 hours and then centrifuged. The supernatant was devoid of hor 
monal activities and was discarded. 

3 Se paration of Lactoge nic and ldrenocorticol opu Hormones—The 
NH,)280, precipitate was then dissolved in about 300 ce. of water and 
dialyzed until salt-free. The dialyzed, insoluble material was then centri 
fuged off and discarded. The clear supernatant was made to pH 3.0 with 
| wm HCI, and a saturated NaCl solution was added dropwise with mechan 
ical stirring until the concentration of NaCl became 0.06 saturated. Th 
precipitate Was then centrifuged and saved for the isolation of the lacto 
genic hormone (3 

4. Ammonia Treatment—The 0.06 saturated NaCl solution was next 
brought to 0.50 saturation by the addition of saturated NaCl solution 
\fter the solution had stood for 4 to 5 hours, the precipitate was removed 
by centrifugation and the supernatant was discarded. The 0.50 saturated 
NaCl precipitate was dissolved in about 100 ce. of water and 50 cc. of am- 
monia (sp. gr. 0.90) were added. The solution containing ammonia was 
allowed to stand at room temperature for 10 to 15 hours; it was then 
poured into 1500 ce. of chilled acetone 5 

The acetone supernatant was decanted and centrifuged off; the precipi 
tate was dissolved in water (about 150 ec. of solution) and dialvzed until 
free from acetone and electrolytes 

5. (NH4)SO, Fractionation—li some precipitate appeared during thi 
dialysis, it was removed before the addition of an equal volume of saturated 
NH,)2S0, solution to the dialvzed material. The soluble, 0.5 saturated 
(NH,).S0, substance had no activity and was removed by centrifugation 
The precipitate was dissolved in 120 ec. of phosphate buffer (pH 7.52 
with an ionic strength of 0.10 and the solution was brought to 0.2 saturation 
by the addition of saturated (NH,).SO The 0.2 saturated (NH,).SO 
precipitate was centrifuged off and discarded; (NH,)oSO, was added until 
the supernatant became 0.4 saturated 

The 0.2 to 0.4 saturated (NH, SO, precipitate Was again dissolved in 
buffer of pH 7.52 and the (NH,).SO, precipitation repeated two more times 
The insoluble material of the last 0.4 saturated (NH,).SOQ, was then 


dissolved in water and dialyzed first against water and then buffer of 


pH 7.52. 


6. Heat Treatment The solution after dialvsis at pH 7.52 was diluted 
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with the buffer until it contained 0.5 per cent protein and was put into a 
water bath at 100° for 2 to 3 hours. There appeared but little coagulum 
during heating and this was removed by filtration or centrifugation. The 
heated solution was next brought to 0.5 saturation with (NH,4)eSO, and 
the precipitate was carried thrice more through the precipitation with 0.2 
to 0.4 saturated (NH,)2SO,, as given above in step (5). 

?. NaCl Fractionation—The final (NH,)oSO, precipitate was dissolved 
in 60 ec. of water and then dialyzed until salt-free. Any precipitate that 
appeared on dialysis was removed by centrifugation before the next step. 
The dialyzed solution was brought to pH 3.0 with 1.0 m HCl and made 0.06 
saturated with NaCl. The precipitate was centrifuged off and the con- 
centration of NaCl in the supernatant increased to 0.25 saturation by add- 
ing more saturated NaCl solution. This procedure may be repeated until 
the 0.25 saturated NaCl supernatant contains a constant nitrogen content 
after two successive precipitations with 0.25 saturated NaCl. Usually 


TABLE | 
Yield in Each Step in Isolation Procedure with 50 Gm. of Acid-Acetone Powder As 


Starting Material 


Isolation ste} Ne Fraction Yield, N content 
see (ex 
mc 
2 Nas,HPO, extract 1564 
3 Dialyzed, soluble material of (NH,).SO, ppt 654 
3 0.06 saturated NaCl supernatant 306 
{ Dialyzed, soluble material of acetone-NH; ppt 191 
6 Heat-soluble material from (NH,).SO, ppt 109 
7 Final NaCl ppt. (adrenocorticotropic hormone 32 


only one precipitation was found necessary to obtain the adrenocortico- 
tropic hormone in pure form. 

The method has been shown from more than twenty experiments to give 
consistent results in vield and biological activity. Table I summarizes the 
average vield in terms of nitrogen in each step of the isolation procedure. 
It may be seen that from | kilo of frozen sheep glands approximately 70 
mg. of the hormone could be isolated. 


Homogeneity Studies 


Solubility—The solvent used was a barbital buffer (pH 3.0) containing 
1.395 mM NaCl. Equilibrium was achieved by constant rotation in a cold 
room at 3°. The results shown in Fig. | indicate that the preparation gives 
a solubility curve indicative of a single component. It may be added that 
no difference in biological activity was found in the soluble and insoluble 
material in samples containing 0.86 mg. of nitrogen per ce 
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Electrophoresis—Electrophoretic studies, with the moving boundary 
method of Tiselius, were made extensively in the course of the isolation 
procedure. The preparation obtained in each step was examined for its | 
electrophoretic behavior as to homogeneity and mobility It was found 
that the dialyzed, soluble material of the (NH,4)25O, precipitate from the 
NasHPO, extract of acid-acetone powder see step (5 of the isolation 
omponents, which 


procedure) contained five electrophoretically distinct 


are indicated in Fig. 2. As the purification procee led, the number of com- 


ponents revealed In electrophoresis decreased. | ig. 9 Bisatn pical pat- 


+ 


tern obtained trom the fraction before heat treatment (see step (5) of the 
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Pr 1. Solubility of adrenos orticotropic hormone in the presence of inaressine 


quantities of solid phase 


isolation procedure lwo components only were seen; the main com- 
ponent (fast moving) had a mobility of 4.8 * 10°, whereas the slow moving 
one had a mobility of 3.5 & 10~° in phosphate buffer of ionic strength 0.10 | 


These components were partially separated in the electrophoretic expert- 


ments and it was found that the fast moving component had practically 


all of the adrenocorticotropic acti ity. After the heat treatment. and the :, 

NH, ons V4 and the NaCl fractionations, the slow mov ing component dis , 

appeared as shown in Fig. 2. C. | 
The adrenocorticotropic hormone has been examined I ‘trophore tically 


in seven pH buffers: each experiment indicated that the material is a home 
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geneous substance ly pre al patterns” taken at pH 2.20, 3.15, and 7.00 
| are presented In Fig. 2, ¢ Table I] summarizes the mobility data at 
different pH values big 3 shows that the tsor leetric point of the hormone 


18 hetween pH L.65 and | 7( : 


Ultracentrifugation \ sample of the adrenocorticotropic hormone was 


examined in the laboratories ol Protesso1 a \\ Williams lor its ultra 


(A) 


(8) 





pH220 = pH 3.15 pH 7.00 
(c) 


Fig. 2. Electrophoresis patterns of the ascending boundaries for (A) the phosphate 
extract of the acid-acetone powde1 B) the fraction before the steps with (NH 


at pH 7.00. and (¢ the pure adrenocorticotropic hormone at pH 22. 3.15 nd 7.00 


SO, 


‘ 


centrifugal behavior. Ina private communication, Professor Williams has 
written as follows: ‘‘We find for Soo the value 2.1 & 10 em. per second 
per dyne, and for Doo the value 10.5 &K 10-7 sq. em. per second The 


the base-lines of these patterns are irregular owing to the 


ise of a poor schlieren lens For the distorted base-line see 13 
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combination of sedimentation and diffusion constants gives a molecular 


weight of 20,000 if we assume the protein has a partial specific volume of 


0.75. as is usually done. The actual seale line-distance curves for the 


hormone indicate very nicely that the substance must be homogeneous 
or very nearly so.”’ We are greatly indebted to Professor Williams and 


his colleagues for these determinations. 


TABLE II 
/ lectrophore ( V ob iy oj Adrenocorticotropu Hoi mone TL B iff $s oJ Diffe ent pH. 


of Ionic Stre ngth O.l,at14 


H Buffer 
7.00 Phosphate 5.0 
6.75 = 1.6 
». S4 3.5 
1 50 Acetate +1.0 
1.10 si +4.10 
15 Barbital +(.4 
2.20 Chloride +8.6 











Fic. 3 ectrophoretic mobility of adrenocorticotropic hormone as a function 
ot pH 

Biological Test For the study of biological properties of a hormone, it 
is important to ascertain its freedom from other biologically active con- 
taminants. By our present physicochemical methods appreciably less 
than 1.0 per cent impurity in protein preparations cannot be detected 
On the other hand, by sensitive bioassays contaminants present In as little 


as 0.1 per cent are detected. In the claim for purity of a preparation, such 
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contaminations cannot be overlooked, even though they have not altered 
its chief physicochemical characteristics. 

When the hormone in its final form was assayed in hypophysectomized 
male and female rats, it was found that it contained less than 0.10 per cent 
of the follicle-stimulating, the interstitial cell-stimulating, and the thyro- 
tropic hormones. The adrenocorticotropic hormone inhibits the growth of 
rats and is antagonistic to the growth hormone in hypophysectomized 
rats; such experiments and those conducted with adrenalectomized rats 
show that the hormone is freed from the growth hormone. Data for 
urinary nitrogen to be reported by us subsequently are strikingly con- 
firmatory of this conclusion. 

In the acid-acetone powder, the main hormonal contaminant is the 
lactogenic hormone \n important achievement by the method herein 
deseribed is the complete removal of lactogenic hormone from adrenocorti- 
cotropic preparations. When 20 mg. of the hormone were injected sub 
cutaneously into month-old squabs for a period of 4 days (3), no crop sac 
reaction occurred, indicating its freedom from lactogenic activity. 

When the method of Burn (14) and a standard preparation of pressor 
principle (pitressin, Parke, Davis and Company) were used, it was found® 
that the adrenocorticotropic hormone contains 0.04 I.u. per mg. Since the 
most potent pressor preparation has 200 1.U. per mg. (15), it may be stated 


that the pressor contamination in the adrenocorticotropic hormone is less 


than 0.02 per cent 
Biological Assay 
Che impe;tance of a sensitive assay method for the isolation of a hormone 
hardly need LO be emphasized. \mong the difheculties experienced by 


others in securing highly potent adrenocorticotropic extracts may be 
reckoned the lack of a satisfactory method of assay. The methods of 
Moon (9) and of Bates et al. (10) were not extremely sensitive. The use of 
hypophysectomized rats in assay of the hormone have allowed the reliable 
detection of small quantities of hormone. This test animal can be used 
satisfactorily either to maintain or repair the adrenal cortex after atrophy. 
A detailed account of these methods will be given in a separate paper but a 
brief description must be presented here. 

Adrenal Repair—The method, based on repair of the adrenals of hypo- 
physectomized rats, is as follows: Female rats are hypophysectomized at 
26 to 28 days of age; 14 days later the rats are injected intraperitoneally 
once daily for 4 days, followed by autopsy examination 96 hours after the 
first injection. The minimum amount of the hormone which gives micro- 


‘Unpublished data of this laboratory. 
We are indebted to Dr. Muriel Boelter for these determinations. 
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scopically recognizable beginnings in the repair of the adrenals in such rats 
is about 0.02 mg 

idrenal Maintenance—The maintenance test used is as follows: Male 
rats, 40 days of age, are hypophysectomized and injected daily (except 
Sunday) from the day of operation for 15 days (thirteen injections). The 
adrenal weight of uninjected hvpophysectomized animals regresses during 


TABLE III 


Bioassay of Adrenocorticolropic Hormone in 40 Day-Old Hypophysectomized Male Rats 
(Maintenance Test) 


Body weight at 


Daily dose No. of rats autopsy Adrenal weight Thymus weight 
m. em m me by 
1.0 10 107.8 40.1 + 0.8 16.8 
0.20 15 117.4 25.1 + 0.9 130.8 
0.10 15 117.9 22.3 + 1.0 193.7 
0.05 25 118.6 19.5+ 1.0 190.8 
0.02 14 107.8 15.6 + 0.7 201.2 
0.00 19 127.5 12.0 + 0.5 222.4 


* The + values are the standard deviations 


TABLE I\ 
Effect of Adrenocorticotropic Hormone on Hypertrophy of Adrenals in Normal Male Rats 


Six rats were used for each experiment. 





Body weight Adrenal 
. rota Thymu 
\ge of ra lose* ( - oO nail Weight per veight 
Onset Autopsy i ; esp 100 gm 
_— ates body weight 
la m m m m m meg my 
SY 15.0 302 286 —16 75.8 26.5 79.0 } 
SO 0.0 301 336 35 39.0 11.6 296 .0 
26 30.0 59 132 73 85.3 64.6 41.9 ? 
2% 0.0 59 202 143 30.3 15.0 455.5 
| 
“1 mg. daily was divided into three intraperitoneal injections at 8 hour periods; | g 
on Saturday, two injections were given and on Sunday, one injection " 
this period from about 26 mg. to a constant weight of 12mg. The amount c 
of hormone which maintains the adrenal at 26 mg. is about a 0.2 mg. daily t 
dose. Table III shows the effect on adrenal weights of injection of daily 
doses ranging from 0.02 to 1.0 mg. 
The ability of the pure adrenocorticotropic hormone to cause hypertrophy 
of the adrenals in normal male rats is shown in Table IV.’ It may be noted u 
\\ 
6 The effect of the hormone on the body weight and the thymus will be discussed i 


in a later paper 
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: 
that in 26 day-old rats the adrenal size increased 400 per cent in a period of 
30 days injection. 

Since the effect of the hormone is greatly increased by several instead of 
a single injection in 24 hours, it is necessary to use the same assay method 
in estimating the potency of each fraction secured in the isolation pro- 
cedure. We may state that approximately 10 mg. daily of the acid-acetone 
powder are needed to maintain the adrenal at 26 mg. in the maintenance 
test, whereas only 0.20 mg. of the pure hormone is necessary. 


Some Chemical Characteristics 


The elementary analysis of a pure sample shows it to contain 46.35 per 
cent carbon, 5.89 per cent hydrogen, 15.65 per cent nitrogen, and 2.3 per 
cent sulfur. There is no carbohydrate, phosphorus, or cysteine in the 


TABLE V 
Effect of Trichloroacetic Acid on Activity of Adrenocorticotropic Hormone (4 Day 
Adrenal Repair Test* 


Three rats were used for each experiment. 


Solutions Total dose Adrenal! repair 

me. 

Treated hormone 0.50 1+,2+,24 
0.10 -,-,=- 
0.05 wi hl on 

Untreated bormone 0.50 3+,3+,24 
0.10 1+,2+,24 
0.05 2+,2+,14¢4 


* The adrenal weights were not significantly increased. 


hormone. It is very soluble in water and is only partly precipitated at its 
isoelectric point (pH 4.6 to 4.7). 

In 2.5 per cent trichloroacetic acid solution, the hormone is 85 to 90 per 
cent precipitated. The trichloroacetic acid precipitate after being dis- 
solved in a solution of pH 7.5 had lost its biological activity. As shown in 
Table V, the treated hormone contains only about one-tenth of the adreno- 
corticotropie activity. This characteristic differs from that observed with 
the lactogenic and interstitial cell-stimulating hormones (4). 


Stability 


No change in the biological activity of the hormone was observed after 
treatment in 10 per cent ammonia solution for 2 days at room temperature. 
When the hormone solution (0.5 per cent protein in buffer of pH 7.5 and 


ionie strength 0.10) was immersed in boiling water, its activity remained 
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the same Che stability of the hormone toward heat is extraordinary for a 
protein solution. It may be recalled that both the lactogenic and inter- 
stitial cell-stimulating hormones are destroyed when subjected to the 
temperature of boiling water for | hour (2, 16 

When a 0.2 per cent solution of the hormone in 0.10 M NaOH was heated 


to 100° for 30 minutes, the adrenocorticotropic activit vas almost com- 
pletely destroyed but when the hormone was dissolved in 0.1 mM HCl and 
kept at boiling temperature for 60 minutes the activity was not appreciably 


altered. These results are summarized in Table V1 


Tasie VI 


Effect of Heat on Activity of Adrenocorticotropic Hormone i) ¢ He 
VaOH vA Da J Adre nal Re pa T 


Three rats were used for each ¢ xperiment 


r Le [ 
0.1m HCl 0 1.0 2 < “ 
0.5 2 2 é 
0.1 2 2 
60 1.0 2+T,2 y4 
0.5 2 2 2 
0.2 l l i | 
0.1 | l l 
0.10 wm NaOH 30 2.0 
1.0 
0.5 
0.1 


Effect of T’ ypsin ana Peps / 


Che solvent used for the pepsin experiments was 0.1 mM HCl and that for 
the try psin, phosphate buffer (pH 7.5 The hormonal concentration was 
always 0 LO) per cent, while the enzyme concentration was U | to 0.5 mg. pel 
cc Both the try psin and pepsin employed vere commercial pl arations 
pepsin (Lilly) and trypsin (Pfanstiehl The temperature of incubation 


was 37° + | 
The extent of digestion was determined from the non-protein nitrogen, 
trichloroacetic acid being used as the precipitant The procedure used was 
essentially that of Northrop (17). To stop the digestion, the solutions wer 
put into a boiling water bath for 15 minutes and then cooled imn 
After proper dilution had been made, bioassays were made in eit 


+ 


test) or tematle repall tes rats 


hypophysectomized male (maintenance 
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Table VII gives the results of treatment of the hormone with trypsin 
It may be note d that the adrenocorticotropic acti ity was destroyed when 
% per cent of the protein had been digested by trypsin at the end of 15 


minutes. However, no significant diminution of its activity was found 


when 1S per cent ol the hormone had been hydrolyzed. 


TaBLe VII 
Bife f Try n on Adrenoco icolropu Acti y (15 Day Vaintenance Test* 
he — Ae _ Daily dose No. of rat Adrenal weight 
‘ ‘ 
” m er , n m 
15 0.1 18 0.20 5 23.0 
1.00 5 31.3 
15 0.2 26, 0.20 5 15.0 
1.06 3 16.3 
120 0.4 +] 0.10 { 15.2 
1.00 5 14.0 


* For the control weights of the adrenals see Table III. 


TasBLe VIII 





Effect of Crude Pe psin on Adrenoco? licotropic Activity 
Percentage Maintenance test* Repair test 
> D 1 0.0 , ’ 
; —_ r , = Adrenal repair 
” , y ” me mig 
1) 0.5 57 1.00 3 3+,3+,2¢4 
0.20 3 3$+,2+,2+ 
0.05 3 1+,2+,14+ 
0.025 3 1+,1+,14 
120 0.1 6 1.00 5 34.2 
0.50 } 33.2 
0.10 5 22.6 
0.03 5 21.0 
* For the control we ights of the adrenals see Table III 


The effects of pepsin on the potency of the hormone are shown in Table 
VIII. The data (obtained from both assay methods) indicate that the 
adrenocorticotropic activity remained unchanged even when a considerable 
part of the protein (36 to 37 per cent) had disappeared as a result of peptic 
digestion 

The interpretation of such results will be deferred, as further experiments 
with crystalline enzyme preparations are in progress. 
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SUMMARY 


\ method has been devised for the isolation of pure adrenocorticotropic 
hormone. From electrophoretic, sedimentation, and solubility experi- 
ments, the preparation answers essential criteria for belief that it is a single 


substance. Biological tests indicate that the hormone is freed from the 


other anterior hypophyseal hormones. 

The molecular weight of the adrenocorticotropic hormone is approx- 
imately 20,000 and the isoelectric point about 4.7. 

The hormone is very stable at 100° in buffer of pH 7.5 and in 0.1 mM HC] 
solutions, but not in 0.1 M NaOH. Its adrenocorticotropic activity is 
destroyed by trichloroacetic acid and by tryptic digestion, but it has a 
marked stability to peptic digestion (unimpaired when 37 per cent digested 
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The isolation of a pituitary hormone which specifically stimulates the 
adrenal cortex is of particular interest at a time when the physiological im- 
portance of this endocrine gland has been fully recognized. Relatively 
little attention has been given to the chemical purification of pituitary 
adrenotropic hormone. Two groups of investigators (1, 2) have prepared 
purified fractions which have been shown to stimulate the adrenals of the 
hypophysectomized rat. The exact physiological potency and the degree 
of purification of these fractions are difficult to assess, although one prep- 
aration was reported (3) to have at least one other type of pituitary activ- 
ity; namely, lactogenic. 

In preliminary communications, two groups of investigators (4, 5) have 
reported the isolation of pure adrenotropic hormone from pituitary glands. 
The two methods of preparation are distinctly different; in one salt frac- 
tionation is employed (4), in the other isoelectric precipitation (5). 

This paper presents in detail the method developed (5) for the isolation 
of adrenotropic hormone from pituitary tissue and describes some of its 


properties. 
Isolation of Adrenotropic Hormone 


Fresh, whole, hog pituitary glands have usually been employed in the 
fractionation studies.'. The fractionation steps described are for 1 kilo of 
tissue. 

Step 1—‘‘Crude prolactin” is prepared as described by Lyons (2) with 
the modification suggested by White, Bonsnes, and Long (7). Yield, 5 gm. 


=) 

* This investigation has been aided’by grants from the Fluid Research Fund of 
Yale University School of Medicine, the Committee on Therapeutic Research, Coun- 
cilon Pharmacy and Chemistry, American Medical Association, and the Committee 
on Research in Endocrinology, National Research Council. 

t The data in this paper are taken from a dissertation presented by George Sayers 
as partial fulfilment of the requirements for the degree of Doctor of Philosophy, Yale 
University. 

‘Studies have also been conducted starting with fresh, whole, sheep and beef 
pituitary glands. However, purification of fractions from the glands of these two 
species has not as yet been carried to completion. The higher concentration of 
adrenotropic hormone in hog pituitaries (6) led to the temporary concentration of 
efforts on this source of hormone. 
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showed no measurable loss in adrenotropic activity, while antidiuretic 
activity was reduced. 1 mg. of this hormone preparation produced an anti 


diuretic response equivalent to 0.1 unit of pitressin. 
Physical and Chemical Prope rties of Adre notropic Hormone 


Qualitative Tests—Fraction A, the purified adrenotropic hormone, gives 
the following positive color reactions, biuret, Hopkins-Cole, and Millon’s. 
The Molisch reaction is negative. The labile sulfur test is positive, but 
the nitroprusside reaction for free sulfhydryl groups is negative. The 
hormone gives the nitroprusside reaction after treatment in solution with 
sodium cyanide. 

The adrenotropic hormone is readily precipitated from dilute solution 
by 20 per cent sulfosalievlic acid, by 20 per cent trichloroacetic acid, and 
by 5 per cent lead acetate solution. It is apparent that the adrenotropic 
hormone behaves as a typical protein. 

Elemental Analysis—The purified hormone has been subjected to ele- 
mental analysis.* The analyses show 0.4 per cent ash and the following 
elementary composition (expressed on an ash- and moisture-free basis), 
earbon 50.64, hydrogen 6.23, nitrogen 15.47, and sulfur 2.33 per cent. 

Electrophoretic Studies of Adrenotropic Hormone—Electrophoresis of 
purified adrenotropic hormone, Fraction A, has been conducted in the 
Tiselius apparatus. The apparatus used in this laboratory is equipped with 
the Philpot scanning device. rive electrophoretic experiments have been 
conducted, two at pH 7.95, the others at pH 3.26, 4.13, and 6.37. At all 
pH values studied, the initial protein boundary migrated as a single com- 
ponent. Fig. 1 shows the electrophoretic patterns obtained in two of the 
electrophoresis experiments at pH values most removed from and on 
either side of the isoelectric point. 

The electrophoretic mobilities calculated from the data obtained in the 
Tiselius experiments are plotted against pH in Fig. 2. The isoelectric 
point of adrenotropic hormone is at pH 4.7 to 4.8. The value of du/d pH 
(change in mobility with pH) for the hormone is 1.5 X 10~* sq. em. per 
second per volt. 

Ultracentrifugation of Adrenotropic Hormone—Sedimentation studies have 
been conducted in a Beams analytical ultracentrifuge arranged for optical 
study in the visible region by the Toepler schlieren method, as developed 
for the ultracentrifuge by Philpot (10). A 2 per cent solution of the hor- 
mone in | per cent NaCl at pH 7.5 was employed. The initial protein 
peak present at the start of the experiment sedimented at a uniform rate 
and gave no evidence of a second component during the period of ultra- 
centrifugation. Values of 2.04, 2.11, and 2.04 were obtained for the sedi- 


Conducted by Mr. J. F. Alicino. 
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Fig. 1 Kleectrophoretic patterns ol adrenotropic hormone (Fraction A {a 
protein concentration, 1.0 per cent; phosphate buffer in 0.1 Mm NaCl; ionie strength, 
0.3: pH 7.95; temperature, t Photographs of the ascending boundary (left) after 
120, 185, 281, 295, and 477 minutes (reading from bottom to top) and of the descending 
boundary (right) after 118, 186, 284, 287, and 480 minutes b) protein concentration, 
0.8 per cent; acetate buffer in 0.1 mM NaCl; ionic strength, 0.2; pH 3.26; temperature, 
3°. Photographs of the ascending boundary (left) after 0, 80, and 220 minutes and 


of the descending boundary (right) after 179, 309, and 469 minutes. 
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mentation constant in three consecutive runs. Fig. 3 shows a typical series 


of photographs obtained in one of these experiments. 
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In the absence of data for the diffusion constant, the sedimentation con- 
stant obtained indicates the protein to have a molecular weight of ap- 
proximately 20,000. 


Methods of Assay 


Three methods have been employed for the assay of the adrenotropic 
hormone activity of various pituitary preparations. 

Adrenal Hypertrophy of Intact Immature Rat The procedure is essent ially 
that described by Moon (3), with several modifications. 

21 day-old male rats were used. A solution of the material to be assayed 
is injected intraperitoneally three times daily for 3 days, the volume of each 
injection being 0.25 to 0.50 ml. 16 hours after the last injection the ani- 
mals are killed with illuminating gas, and the adrenals dissected carefully 
and weighed to the nearest tenth of a mg. by means of a torsion balance. 

A unit of adrenotropic activity is defined as the total amount of material 
which, when injected as described, will produce a 50 per cent increase in 


Fic. 3. Sedimentation of adrenotropic hormone (Fraction A); photographs by the 
Philpot schlieren method at 40, 100, and 160 minutes, reading from left to right. 
Speed 39,000 r.p.m. (110,000 X g). 


adrenal weight over that of control animals injected with water. Adrenal 
weight is expressed as mg. per 100 gm. of body weight at the beginning of 
the injection period. This precludes the possibility that any change in body 
weight, occurring during hormone treatment, may influence the results. 

Assay of Adrenotropic Hormone in Hypophysectomized Rat—Purified 
adrenotropic hormone preparations have been assayed on the basis of their 
ability (a) to repair the atrophied adrenals, and (b) to maintain the adrenals 
of the hypophysectomized rat. 

Repair of Adrenals of Hypophysectomized Rat—Male rats‘ approximately 
15 days of age are hypophysectomized and, beginning on the 10th day after 
hypophysectomy, the material to be assayed is injected intraperitoneally 
three times daily for 3 days. 16 hours after the last injection the animals 
are killed with illuminating gas and the adrenals, testes, thyroid, and thy- 
mus weighed accurately on a torsion balance. 

Maintenance of Adrenals of Hypophysectomized Rat—Male rats® approxi- 
mately 45 days of age are hypophysectomized and, beginning on the Ist 


‘From the Breeding and Laboratory Institute; Brooklyn. 
* Sprague-Dawley strain. 
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day after hvpophysectomy, are injected intraperitoneally with the material 


to be assayed once daily for 14 days. 24 hours after the last injection they 
are killed with illuminating gas and the adrenals, testes, thyroid, and thy- 


mus weighed on a torsion balance. 


A ssay Data 


Assay of Fractions in 21 Day-Old Rats—The results of the assay of 
various fractions in the 21 day-old rat are given in Table I. Desiccated, 
whole, hog pituitary powder serves as a reference standard from which 
to judge the degree of purification of adrenotropic hormone. However, 
a considerable portion of the activity of pituitary tissue as measured by 
the increase in size of the adrenals of the intact immature rat may be 
due to non-adrenotropic factors. From data to be disscussed, it will be 
evident that posterior lobe principles are fraction contaminants that con- 


TABLE | 
' 


Assay of Adrenotropic Hormone Preparations in 21 Day-Old Rat 





Preparation N —— Mg. ree 
Desiccated whole hog pituitaries 19 35 
Adrenotropic preparation from hog pituitaries* 20 5 
Adrenotropic preparation from sheep pituitaries* 15 5 
Fraction M (beef) 10 5 
Fractions M and N (hog) 21 5 | 
Fraction A (hog) 19 5 | | 
Ml 
; 
: * Made according to Li, Simpson, and Evans (4). » 
? 
' ' ' Phe , , I 
; tribute to the hypertrophy of the adrenals of this animal. Thyrotropiec ; 
hormone, by stimulating the thyroid, would also contribute to this hyper- , 
; trophy (11). Caution, therefore, must be exercised in judging absolute ' ’ 
: increases in potency of relatively pure fractions over the original standard t 
powder. Approximately 35 mg. of the desiccated, whole, hog pituitary 7 
‘ powder represent | adrenotropic unit. 
Purified adrenotropic hormone made according to the directions of Li, p 
Simpson, and Evans (4) is approximately 7 times more potent than desic- p 


cated pituitary tissue when assayed in the 21 day-old rat. From Table I 
it can be seen that there is no difference between preparations made from t] 
é hog and from sheep pituitaries. 1 adrenotropic unit is represented by 5.0 
: mg. of the Li, Simpson, and Evans preparation. ti 
Fractions M, N, and A do not differ in their ability to cause adrenal 1 
| unit of adrenotropic hormone is represented by 5.0 mg. m 





hypertrophy. 
of each of these fractions; this is a potency equal to that of the preparation | si 
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described by Li, Simpson, and Evans (4) and claimed by these investiga- 
tors to be the pure adrenotropic hormone. Fractions M and N differ from 
one another only in that the latter is much less contaminated with posterior 
lobe princi} les. 

There is no evidence of a species difference in adrenotropic activity when 
comparisons are made among fractions obtained from beef, sheep, and hog 
pituitary tissue. The absence of an apparent increase in potency by fur- 
ther fractionation of Fraction N in order to isolate the final adrenotropic 
product, Fraction A, must mean that the impurities in Fraction N are 
already so small in quantity as to be non-detectable by this assay method. 
It ma\ be noted here that : Ssays in the ny pophy sectomized rat, to be dis- 
cussed later, suggest that preparations of Fraction N have some growth 
hormone acti ity. 

It should be emph sized that assay of adrenotropic hormone in the 21 
day-old rat is not rigidly specific. Adrenal stimulation by factors other 
than adrenotropic hormone, e.g. posterior lobe principles, is possible be- 
cause of the presence of the animal’s pituitary. The assay is technically 
simple, requires a relatively short time, and has been very useful in the 
present study as a guide in the fractionation of adrenotropic hormone. 

Results of Assay of Adrenot ‘opu Hormor Pri parations an Hypophy- 
sectomized Rat. Repair of Adrenals—Fractions N, A, and B have been as- 
sayed by the method based upon the repair of the atrophied adrenals of 
re shown in Table II. Fractions 


} 


the hypophysectomized rat. The data : 
N and B exhibit growth-promoting activity. The changes in body growth 


suggest that growth hormone is not precipitated at pH 4.7, but remains in 
the supernatant solution; a purification has therefore been attained in pre- 
paring Fraction A from Fraction N. ‘This purification is not clearly evi- 
dent as an increase in adrenotropic activity, since Fractions N and A both 
produce the same amount of adrenal hypertrophy. It may be added that 
no significant changes were seen in the weight of the thymus, thyroid, or 
testes of any of the treated animals with the possible exception of a slight 
increase in the weight of the testes of animals administered Fraction B. 

From the results it is evident that adequate amounts of preparations of 
potent adrenotropic hormone can repair the atrophied adrenals of the hypo- 
physectomized rat in the short space of 3 days. 

Maintenance of Adrenals—<Assay results in the hypophysectomized rat by 
the maintenance method are shown in Table III. 

The weights of the adrenals of the hypophysectomized rats given Frac- 
tion A, the purified adrenotropic hormone, in doses of 100, 50, 25, 12.5, 
10, and 5 y per day are significantly greater than those of hypophysecto- 
mized controls. Ata daily dose level of 2 y the weight of the adrenals is not 
significantly greater than the control values. Actual hypertrophy, i.e. in- 
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crease in adrenal weight above that of the glands of normal intact controls, 
was definite at a dose level of 100 y per day in the Brooklyn animals but not 
in the Sprague-Dawley rats. Evidence of hypersecretion in this latter 
strain was seen from the beginning thymic involution at this dose level 
of hormone. The better response of the Brooklyn rats may be accounted 
for by the relatively greater dose they receive per unit of body weight, 
These animals at the age of 45 days weigh about 35 per cent less than 
Sprague-Dawley animals of the same age. 

There appears to be a wide difference between the daily dosage of hor- 
mone which prevents adrenal atrophy and that necessary to produce actual 


TABLE I] 
issay of Adrenotropic Hormone Activily in Hypophysectomized Ret 
Ly Repair Method 


P Values;; 


comparison between 


Paired adrenal injected animals and 
Pre ratior I ta N { \ hangs i eight per 106 
reparation dose at body weig aluest gr bod N i 
veight* Hypophy- oh aypo- 
sectomized| PHYSeC 
controls | ‘omuzed 
controls 
” ” 
Non-hypophysec- 
tomized controls 9 17.3 + 0.9 
Hypophysectomized 
controls 7 —2+1.7 9.6 + 0.7 
Fraction N 5 5 +3404 0.02 18.6 + 2.3: <0.01 0.6 
A 5 i —-4+29 0.5 8.3 + 2.0 <0.01 0.6 
B 5 3 +5 + 1.2) 0.02 | 14.2+1.4)| <90.01 0.1 


* Means and standard errors 


t P values for body weight; calculated for small series (12 Comparison between 
hypophysectomized controls and injected animals 

t P values for adrenal weight 
adrenal hypertrophy. This range extends from approximately 12.5 to 


50 y. This must mean that only a small amount of hormone is required 
to maintain the adrenals, while a relatively large amount is necessary to 
produce hypertrophy. The minimum effective daily dose for maintenance 
of adrenal weight in the hypophysectomized rat is 25 y. Although the re- 
sults suggest that the daily injection of 12.5 y may actually be adequate 
under the conditions of assay, the data are as yet too few to warrant de- 


scribing the hormone as definitely effective at this dose level. 

Fraction B is less potent than Fraction A in maintaining the adrenals 
of the hypophysectomized rat. From Table ITI, Fraction B may be esti- 
mated to be about one-half as potent as Fraction A. This agrees with the 
experimental results obtained in the repair method of assay (Table II 
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In view of the presence of traces of posterior lobe principles in fractions 
of purified adrenotropic hormone discussed previously, two posterior lobe 
preparations, pitressin (Parke, Davis and Company) and pars neuralis 
hormone (13),° were assayed by this method. These substances do not 
prevent the atrophy of the adrenal cortex of the hypophysectomized rat 
(Table III). From Table III it can also be seen that purified prolactin 


TaBLe III 
Assay of Adrenotropic Hormone Activity in Hypophysectomized Rat by 
Maintenance Method 


P values;t comparisor 
between injec ted 
inimais and 
Preparation Daily dose Ne. odton alas — 
- body weight.* Hypophy Nene hypo 
aocoemnes , tomized 
controls controls 
Y m 
Non-hypophysectomized 
controls 11 17.1+0.9 
Hypophysectomized 
controls 8 10.4+ 0.5 
Fraction A 100 7 18.8 + 0.7 <0.01 0.2 
> fs 100 5] 24.7+1.3 <0.01 <0.01 
50 ) 16.4 + 0.6 <0.01 0.6 
50 2t | 20.742.8 <0.01 0.2 
25 $ 17.5 + 2.0 <0.01 0.9 
12.5 3 17.0 + 0.8 <0.01 1.0 
10 3 14.7+0.8 <0.01 0.2 
- ‘ 5 5 14.2 + 0.9 <0.01 0.1 
a 2 4 11.5 + 0.8 0.3 <0.01 
; B 100 7 15.7 + 0.6 <0.01 0.3 
Pars neuralis hormone. 100 2 11.7+1.1 0.3 0.05 
Pitressin (Parke, Davis). 1.0 I.v. 5 11.5 + 0.7 0.2 <0.01 
Prolactin 25 5 10.4 + 0.5 1.0 <0.01 


* Means and standard errors. 
t P values for adrenal weight; calculated for small series (12). 
t From the Breeding and Laboratory Institute, Brooklyn. 


did not prevent adrenal atrophy. This method of assay appears to be 
specific for adrenotropic hormone. 

The body weights (not included in Table III) of the injected animals 
showed no increase in any of the experiments, indicating the absence of 
growth hormone activity in the preparations at the dose levels employed. 
No alterations in weight of the thyroid or testes were seen in the injected 


* Kindly supplied by Dr. H. B. van Dyke. 
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animals. Moreover, when assayed for lactogenic hormone in the pigeon, 
preparations of highly active adrenotropic hormone failed to produce a 
positive crop gland response in a total dose of 10 mg. 0.1 mg. of purified 
prolactin stimulates a response under similar conditions. 


DISCUSSION 


Metabolic studies with crude extracts have created considerable confusion 
regarding the exact number of hormones produced by the anterior pituitary, 
Repetition of these studies with pure hormones will be expected to clarify 
existing knowledge of pituitary physiology. The physiological approach 
to an accurate understanding of the anterior pituitary is contingent upon 
the availability of as many as possible of the gland secretions in a chemically 
pure form. It will indeed be striking to study the metabolism of the hypo- 
physectomized animal treated with one or a combination of the isolated and 
purified pituitary hormones. 

The following hormones of the anterior pituitary may now be considered 
to have been isolated in a form which satisfies the accepted criteria of homo- 
geneity, prolactin (7, 14, 15), luteinizing hormone (16), and adrenotropic 
hormone (4, 5). In addition, reports indicate that a high degree of purity 
has been attained for the thyrotropic hormone (17) and for the growth hor- 
mone (18). Claims for the existence of additional ‘‘metabolic’’ hormones 
will require reexamination in the light of data to be obtained with the 
purified preparations of adrenotropic, thyrotropic, lactogenic, and growth 
hormones available at present. 

Although the pure adrenotropic preparation which has been examined in 
some detail in the present study has been obtained from hog pituitary 
glands, highly purified fractions of adrenotropic hormone have also been 
obtained from bovine and sheep pituitaries. Preliminary studies of these 
preparations suggest that they are similar to, if not identical with, the prod- 
uct obtained from hog glands. This observation has been supported by 
personal conversations with Dr. C. H. Li who has stated that the pure 
adrenotropic hormone prepared from sheep glands (4) has many properties 
identical with those reported here for the hormone obtained from hog 
pituitaries. These properties include biological activity, nitrogen content, 
isoelectric point, and sedimentation constant. It may be noted that the 
isoelectric point found for adrenotropic hormone is considerably different 
from that of pH 6.6 to 6.8, formerly assumed to be correct (2). 

Although the assay data for adrenotropic hormone are based upon altera- 
tions in adrenal size, it has also been established in this laboratory that the 
hormone stimulates the functional activity of the adrenal cortex. This 
activity is manifested by changes in cholesterol concentration of the ad- 
renals of rats injected with adrenotropic hormone (19) and in the amount 
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and distribution of lipid in the adrenal cortices of these animals.’ In 
fact, 25 y of pure adrenotropic hormone administered daily to the hypo- 
physectomized rat are sufficient to maintain not only normal adrenal size 
but also the normal concentration of cholesterol and lipid in the adrenals. 


SUMMARY 


1. A method has been described for the preparation of pure adrenotropic 
hormone from pituitary tissue. The product has the properties of a 
protein. 

2. The hormone preparation fulfils two criteria for protein purity; it 
behaves as a single component in the Tiselius apparatus and in the ultra- 
centrifuge. 

3. The isoelectric point of adrenotropic hormone, as determined by 
electrophoresis, is between pH 4.7 and 4.8. The sedimentation constant 
of the hormone, Soo = 2.04 to 2.11, indicates the molecular weight to be 
approximately 20,000. 

1. Under the conditions of assay used, a total dose of 5 mg. of the hor- 
mone is adequate for the complete restoration of adrenal weight in the 
rat 10 days after hypophysectomy. A daily dose of 25 y of the hormone 
completely maintains size and function of the adrenals of the hypophy- 
sectomized rat when injections are begun the Ist day after hypophysectomy. 
5 y daily produce a definitely measurable adrenal-stimulating effect, while 
a daily dose of 2 y fails to elicit a detectable response. 

5. Under the conditions of bioassay employed, the adrenotropic hormone 
preparation exhibits none of the following anterior pituitary hormonal 
activities, growth, gonadotropic, thyrotropic, or lactogenic. 
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We have undertaken to secure more extensive information on the dis- 
tribution and concentration of cytochrome c in normal and neoplastic 
mammalian tissues.!. A prerequisite was the development of a relatively 
simple procedure for the quantitative determination of the pigment in small 
amounts of material, such as those obtainable from the organs of rats or 
from the surgical clinic. The method, which will be described, consists of 
two main steps. The cytochrome c is isolated from the tissue samples, 
and obtained in solution free from interfering pigments such as hemoglobin. 
It is then determined as ferrocytochrome c (the pigment reduced with 
Na $20.4) by means of direct spectrophotometry. 

The isolation of the pigment is accomplished by material modifications 
in and simplification of the procedure of Fujita, Hata, Numata, and Aji- 
saka (2). In agreement with the findings of Potter and DuBois (3) the 
original method of the Japanese workers has been found unnecessarily 
tedious and unreliable with reference to the completeness of recovery of 
cytochrome c. The point of principal weakness in the method proved to 
be the use of successive precipitations by means of acetone, which does not 
accomplish the desired concentration of the pigment and is productive of 
losses. Precipitation with trichloroacetic acid has been substituted, with 
resulting satisfactory recovery of added cytochrome c. 

Spectrophotometry is carried out by means of a new adaptation in tech- 
nique which permits the analysis of a small volume of solution contained 
in a deep cuvette of capillary bore. By this micro spectrophotometric 
means ferrocytochrome c can be determined in appreciably smaller amounts 
of tissue than hitherto possible when direct methods of analysis were uti- 
lized. The method is applicable to tissue samples varying in wet (fresh) 
weight from 0.2 to 20 gm., depending upon their cytochrome c content 
which varies in the corresponding order of approximately 300 y per gm. to 


* The expenses of this work were defrayed in part by grants from the Penn Mutual 
Life Insurance Company Foundation for the Study of Neoplastic Diseases and from 
the George de Benneville Keim Fund. 

' Preliminary reports have appeared (1). 
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| to 2 y per gm. The method possesses advantages of simplicity and 
directness over procedures which involve the preparation of fresh enzyme 
extracts for each set of determinations (3, 4), and which require indirect 
methods of analysis (determination before and after reduction). 


Analytical Procedures 


Collection of Tissues—The organs of freshly killed animals or human 
organs or tissues after their surgical removal were collected in ice-cooled 
jars and stored in a refrigerator until used. Extraction was usually per- 
formed within 6 hours of the collection of the tissue. When extraction 
could not be carried out upon the same day, the jars were kept in the freez- 
ing compartment overnight. Analyses indicated that storage for several 
days in the frozen state did not alter the amount of cytochrome c recovered. 
This circumstance is useful, since other analyses performed upon aliquots 
of the same tissue,* had to be carried out promptly, and occasionally re- 
quired brief postponement of the cytochrome c isolation. 

Isolation of Cytochrome c—The procedure, which is the outcome of testing 
several variations in technique, may be conveniently presented as consist- 
ing of three steps. A full description is provided, since certain tissues were 
found to require minor modifications in treatment appropriate to them- 
selves, and complete recovery of the cytochrome c depends upon faithful 
attention to details. 

1. Extraction of Tissues—The tissues are minced finely with scissors and 
the mince thoroughly mixed. Mucous tissues are first rinsed with Ringer’s 
solution and drained on filter paper to remove surface mucus. Brain is 
mashed and mixed by means of a stainless steel micro spatula. After with- 
drawal of samples for the determination of dry weight and for other analyt- 
ical procedures,” a weighed amount of the mince is ground in a mortar with 
powdered Pyrex glass. When the amount of mince does not exceed 1 gm., 
the weighing is most conveniently carried out on a microscopic cover-glass, 
which is then ground together with the mince. 

The mince is thoroughly mixed and ground successively with the follow- 
ing per gm. of mince: 0.25 ml. of distilled water, 1.25 ml. of 0.5 m H,SO,, 
and 0.5 ml. of 2m NH,OH. By these means a fluid mixture is obtained, 
and its total volume is taken as 3 times the weight of the mince. The 
mixture is allowed to stand with occasional stirring in the covered mortar 
for a period of 15 minutes. This is the usual extraction procedure, and 
is essentially that employed y Fujita et al. (2). However, as will be 
pointed out, occasionally greater tissue dilutions are required. The extract 
is now centrifuged for 15 minutes at 4500 R.p.m. in a Swedish angle cen- 
trifuge, yielding a usually somewhat turbid supernatant fluid. The latter 


? Rosenthal, O., and Drabkin, D. L., unpublished data, manuscript in preparation. 
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is transferred to a graduated cylinder, and the volume measured and re- 
corded. The volume recovered approximates 60 to 70 per cent of that of 
the original mixture, and is therefore considered to represent an equivalent 
percentage of the original tissue weight. 

2. Removal of Hemoglobin—To the extract in the graduated cylinder is 
added an equal volume of an (NH,)2SO, solution, containing 0.5 gm. of the 
salt per ml. The cylinder is stoppered, and immersed in a water bath at 
56° for a period of 15 minutes. Under these conditions the cytochrome c 
and some spectroscopically inert proteins remain completely soluble, while 
the flocculation of other proteins including hemoglobin starts immediately 
and progresses during the period of heating. As a rule a bulky, reddish 
top layer and a more compact bottom sediment separate. Although the 
precipitate may be removed promptly by filtration through a Whatman 
No. 40 filter after the cylinder is cooled, it is safer to refrigerate the mix- 
ture for several hours or, preferably, overnight before filtration. This 
insures a complete separation of precipitate and mother liquor. Certain 
tissues, such as the salivary glands, yield especially bulky precipitates. 
In such cases filtration is preceded by centrifugation. Omission of cen- 
trifuging results in extremely slow filtration, which leads to losses in cyto- 
chrome c presumably due to the adsorption of the pigment on the clogged 
filter. Centrifuging alone is insufficient, since the lighter particles are not 
completely removed. At this stage if desirable the filtrate may be kept 
without deterioration for several days in the refrigerator. 

3. Precipitation of Cytochrome c—The whole filtrate or a suitable aliquot 
thereof is transferred to a graduated “heavy duty” type of centrifuge tube.* 
1 ml. of 90 per cent trichloroacetic acid is added per 10 ml. of filtrate (3), 
and the solution mixed with a stirring rod and refrigerated for a period of 
30 minutes. Longer refrigeration is permissible. Ordinarily flocculation 
occurs within 30 minutes after the addition of the acid, and the mother 
liquor appears clear. If the latter remains turbid, sedimentation is prob- 
ably incomplete. Under such circumstances 0.5 gm. of (NH,4)2SO, per 10 
ml. of initial filtrate is added, and the addition of this quantity of salt is 
repeated until complete precipitation of the cytochrome c-containing mate- 
rial is accomplished. An unnecessary excess of salt should be avoided, 
since in solutions of high density the precipitate will rise to the surface and 
its separation by centrifuging will be delayed. 

When the precipitation appears to be complete, the stirrer is rinsed with 


* For high speed centrifuging (3500 to 4500 r.p.m.) in an angle centrifuge, ignition 
tubes (Pyrex, 16 X 125 mm. and 18 X 150 mm., with a capacity respectively of 12 and 
22 ml.) have been found excellent. Such.tubes after calibration have been used by 
us for all operations which did not involve measurement of the collected filtrate and 
supernatants 
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saturated (NH,).SO, solution and the tube centrifuged at 3500 to 4500 
r.P.M. for 30 minutes. The supernatant fluid is now separated into another 
centrifuge tube and checked for turbidity. After decantation of the super- 
natant fluid the tubes (containing the precipitate) are inverted upon filter 
paper and allowed to drain. The sediment is then brought into solution 
by stirring with 1 m NaOH, added drop by drop from a semimicro burette, 
Usually 0.25 ml. of the base is required. A small amount of insoluble 
material (probably denatured protein) remains. The solution is brought 
to a suitable volume of the order of 1 to 1.5 ml. by the addition of distilled 
water, or with sufficient 1 m HCl to make the final concentration in OH 
approximately 0.2 m. After removal of the insoluble material by a brief 
centrifugation, the solution is ready for spectrophotometry. 

In tissues low in cytochrome c which require the extraction of 5 gm. or 
more of tissue, the volume of filtrate obtained is greater than 15 ml. Under 
such conditions the precipitation is accomplished in several centrifuge 
tubes. The sediments are dissolved as above, quantitatively combined, 
and brought to a total volume of the order of 3 to5 ml. Insoluble matter 
is removed by centrifuging and the volume of supernatant fluid measured. 
The solution is acidified to pH approximately 4 with 2.5 m and 0.1 m HCl, 
with hexamethoxy red® as the indicator. (If interruption of analysis is 
desired for convenience, the acidified solution may be stored in the refrigera- 
tor for several days.) The cytochrome c is then reprecipitated by the 
addition of trichloroacetic acid as described above. By this means the 
cytochrome c which is recovered from as much as 20 gm. of fresh tissue can 
be concentrated to a volume of 1 ml. 

Micro Spectrophotometric Determination of Ferrocylochrome c—The 
Bausch and Lomb polarization spectrophotometer (6) has been adapted 
to the analysis of small volumes of solution in a technique which may be 
designated as micro spectrophotometry. The usual Bausch and Lomb 
cuvette of 1 em. depth employed for hemoglobin studies has an internal 
diameter of 1.7 em. and a capacity of 2.3 ml. This has been replaced by a 
cuvette of 0.47 cm. capillary bore and 3.4 cm. depth, whose capacity is 
0.59 ml. It is obvious that only one-fourth the volume of solution required 
for the 1 cm. chamber is sufficient to fill the special 3.4 em. cuvette. The 
factors of capacity and depth operate together to increase sensitivity ap- 


‘ In the rare instances in which some turbidity remains in the decanted supernatant 
fluid, it is treated with (NH,),SO, and centrifuged. The sediment is dissolved inl 
m NaOH, and this solution is used for dissolving the main sediment. 

’ Hexamethoxy red, 2,4,2’,4’,2”,4”-hexamethoxytriphenylcarbinol (5), is eonven- 
ient in this operation, since it is unique in changing from colorless to red on. the 
acid side of pH 4.6. The indicator was kindly supplied by Dr. H. Lund. A 0.1 
per cent solution in aleohol was employed. Since spectrophotometry is carried out 
upon alkaline solutions, the presence of the indicator offers no interference. 
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proximately 14-fold (4 X 3.4). Thus, solutions may be kept low in vol- 
ume, thereby permitting the preparation of more concentrated extracts 
from small amounts of tissue, and the small volumes may be examined in a 
relatively deep layer. 

The entrance pupils of the polarization photometer (Kénig-Martens 
type) of the Bausch and Lomb instrument have a diameter of 0.8 cm., 
nearly 2 times that of the capillary cuvette. The adaptation of the cuvette 
to the photometer was accomplished by the use of an iris diaphragm as a 


VARIABLE APERTURE, SET TO 
MATCH EXTINCTION AT WAVE-LENGTH 
OF MINIMAL ABSORPTION 
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THROUGH CUVETTE 
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(ORAWN TO SCALE) 


Fic. 1. Anexact diagrammatic representation of the alignment of the photometer, 
capillary cuvette, and iris diaphragm. 


balancing device in front of one of the entrance pupils. The diaphragm 
and cuvette are aligned between the lenses which collimate the parallel 
beams of light and the photometer, as close to the latter as possible. The 
arrangement is shown in Fig. 1, a longitudinal section drawn exactly to 
scale. The diaphragm serves as a variable aperture, and is set to match 
extinction at the wave-length of minimal absorption for the particular 
pigment studied. In the case of ferrocytochrome c this adjustment is 
made at a wave-length of 630 my at which clear solutions of the pigment in 
the range of concentrations used have very little absorption (7). The 
photometer is set to read 43.0° (45.0° corresponding to 100 per cent trans- 
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mission), and the iris aperture is then adjusted so that the two optical fields 
match. This procedure effectively balances out inequalities of optical 
aperture in the two pathways of light, and to some extent also corrects for 
turbidity. After coincident setting at a wave-length of 630 my, spectro- 
photometry is carried out in the usual manner, with a spectral interval of 
1.5 to 2.0 my, at wave-lengths of 550 my (maximum of the a-band), 535 my 
(minimum between the a- and §-bands), and 520 my (maximum of the 
8-band). In the calculation of concentration the extinctions or optical 
densities (D = — log transmission) at only wave-lengths of 550 and 535 
my and the ratios of the two extinction values to each other are employed. 
The absorption constants, € (c = 1 mm per liter, d = 1 cm.), used are at 
these wave-lengths respectively 29.28 and 9.45, with their ratio equal to 
3.10. These values have been obtained under the conditions of measure- 
ment which apply in the capillary cuvette for a 0.2 m NaOH solution of a 
purified preparation of ferrocytochrome c, whose constants have been 
established previously upon an iron basis, with the usual 1 em. cuvette 
(7). The molecular weight magnitude of reference is 13,000, referred to 
pure cytochrome c with an iron content of 0.43 per cent (8). 

The calibration of cuvette depth was carried out by direct comparison 
of extinction values obtained upon a solution of oxyhemoglobin in the new 
cuvette and in one of established 1 em. depth. The reduction of cyto- 
chrome c¢ to its ferro form was accomplished by means of solid dithionite, 
Na2S.0,, approximately 0.1 mg. being added per ml. of solution. The 
reduced solution was transferred to the capillary cuvette by means of a 
medicine dropper with the tip drawn out into a fine capillary. Bubbles 
were avoided by placing the filled capillary dropper deeply in the cuvette, 
and withdrawing slowly during the act of emptying. 


Comments 


Extraction of Cytochrome c—When amounts of tissue smaller than 2 gm, 
were used, or with viscous tissues such as salivary glands or brain, it was 
found that larger volumes of extracting agents than those recommended 
by Fujita et al. (2) are necessary to insure recovery of a sufficient aliquot 
of the extract. In these instances the extracting agents—water, 0.5 M 
H.SO,, and 2 m NH,OH (step (1), under analytical procedures)—were 
increased proportionately so that their ratios to the total volume of mix- 
ture remained unaltered. Under such conditions only one alteration was 
encountered. The pH of the more dilute extracts approaches 1.65 in 
comparison with approximately 2.5 in the more general procedure. This 
change in pH is not critical. An examination of Table I indicates that the 
degree of dilution of the mince is without influence upon the results in the 
case of all tissues listed except perhaps liver. Duplicate analyses are in 
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general within the range of error (+5 per cent) of measurement in the 
graduated glassware used in the analytical procedure (Experiments 1 and 
6, Table 1). 

Precipitation of Pigment—In our method of precipitating cytochrome c 
from the filtrates trichloroacetic acid is added to a final concentration of 8 
per cent as in the method of Potter and DuBois (3). The extracts, pre- 
pared under our conditions, already contain approximately 25 per cent of 
(NH,).SO,. Even this concentration of salt is insufficient in some cases 
for complete precipitation, so that more (NH,4).SO, must be added (Experi- 
ment 5, Table II). Potter and DuBois (3) have reported that cytochrome 


TABLE I 
Reproducibility of Analyses under Various Conditions of Dilution of Tissue Mince 





“pent Tissue Species Sample* Dilution of er eee: (B a Ala) 
No. 
dS edicts per cont 
1 Liver Rat A 1:3.15 477 44 
B 1:3.20 496 
2 “ Rabbit | A 1:3.03 | 201 waa 
B 1:6.00 153 
3 Submaxillary glands Rat A 1:3.17 396 411 
B 1:6.04 439 
4 | Brain cortex Rabbit A 1:3.02 304 4) 
B 1:6.00 308 
5 Kidney cortex Pig A 1:3.10 259 49 
B 1:5.95 282 
6 ” = Man A 1:3.00 35.4 = 
B 1:3.50 35.1 








* Samples A and B are from the same mince. 


emay be precipitated quantitatively from their dilute preparations of the 
pigment by the addition of trichloroacetic acid alone. This apparent dis- 
erepancy appears to be explainable by the fact that our filtrates are pre- 
pared differently. They may be freer of non-cytochrome c proteins than 
the filtrates employed by the Wisconsin investigators.’ This was suggested 
by unsuccessful attempts to precipitate quantitatively cytochrome c by 
the addition of trichloroacetic acid alone to solutions of the purified pig- 


* In our method of preparing filtrates, hemoglobin, certain other proteins, and fats 
are removed in a single step at acid pH when (NH,),SO, is added to a concentration 
of approximately 25 per cent. In the method of Potter and DuBois (3) in most cases 
hemoglobin is not removed, although certain other proteins are removed at neutral 
reaction. 
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ment, free of (NH,)2SO,. Complete precipitation could be accomplished, 
however, by means of both trichloroacetic acid and (N H,)2SO, (Experiment 


TaBLe II 


Recovery of Added Cytochrome c under Different Conditions 


Calculated 


concentration Calculated 


final con- 





hy nente c 2 eae unl | Re , 
Experi Material to which With before = | covery 
ment Tissue cytochrome ¢ is tri- |- é of total 
No added chloro- = » | Cyto- 
acetic De | 3g | chrome 
acid ist 2nd he ee . 
pptn. pptn. hk 33 
1s “a a ver Pg | per cenl 
1 t (NH,)2SO,, 1 | 19.3 0.35§ 128.5,128.5} 101 
25% | 
2 t (NH,)SC,, ] 19.3 0.35 |128.5128.5) 94 
25%, + di- | 
astase 
3 Liver (rabbit)| Filtrate|| + di- l 17.8 0.20 (137.0/142.7|) 88 
astase 
4 ‘* (rat) Original ex l 48.4 66.4:161.0) 98 
tract” 
5 Oxalated os “ 1 | 20.4 0.15 |127.5/127.5| 94 
blood (dog) 
6 Kidney cortex . ss 1 19.3 67 .9)/128.8} 105 
(rabbit) 
7a** | Submaxillary | Mince l 34.4 54.0105.2| 99 
gland (rat) 
7b** - " l 21.0 74.0139.5) 89 
8 Kidney cortex a 2 8.4 | 24.310.25tt> 29.2) 34.9) 105 
(man) 
9 Rectal carci- “ 2 5.46) 38.20.20t¢ 110.8122.1) 97 
noma (man) 
10 Lung (rat) 2 7.44) 41.40.15tt 94.9112.6) 81 


* The concentration of the solution used for spectrophotometry. 

t In 1:3 initial dilutions of the mince, 1 ml. of filtrate is equivalent to 0.167 gm 
of fresh tissue. 

t Solutions of purified cytochrome c. 

§ No precipitation occurred before the further addition of (NH,4)2S0O,. 

|| Turbid filtrate. 

{ Clear extract. 

** In Experiment 7a the mince was diluted 1:3.02, in Experiment 7b 1:6.0. 

tt Added only in the second precipitation with trichloroacetic acid. 


1, Table Il). It is probable that in filtrates containing “inert’’ proteim, 
the pigment may be adsorbed on the protein, and thereby more readily 
removed by means of trichloroacetic acid. 
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Two filtrate constituents, glucoprotein and glycogen, encountered re- 
spectively in filtrates from gastric mucosa and liver, interfere with the 
quantitative determination of cytochrome c. The presence of the gastric 
glucoprotein resulted in final solutions of such turbidity that determination 
was impossible, and no chemical means has been found to separate the 
glucoprotein from any cytochrome ¢c which may be present. In the case 
of glycogen, when it was present in amounts producing turbidity, enzy- 
matic decomposition of the polysaccharide by means of clarase, a com- 
mercial preparation of pancreatic diastase, proved feasible. In such in- 
stances after clarification of neutralized filtrates by enzymatic digestion at 
37°, they were acidified and cytochrome c precipitated in the usual way. 
Experiments 2 and 3, Table II, illustrate the recovery of cytochrome c 
under such conditions. Some loss of the pigment may occur, owing to the 
diastase treatment, but it is considered to be of negligible dimensions for 
the problem at hand. 

The other experiments (Nos. 4 and 6 to 10) in Table II show the recovery 
of cytochrome c, added at different stages of the analytical procedure. 
Although it is recognized that recovery of added cytochrome c¢ cannot be 
considered adequate as proof of completeness of recovery of the pigment 
present in the original tissue, nevertheless such experiments are useful in 
judging losses of cytochrome c which may occur in certain steps of the 
procedure. The recovery experiments also justify the method of calcula- 
tion of the cytochrome c content of the tissue mince in which it is assumed 
that the filtrate recovered represents a true aliquot. The recovery of added 
cytochrome c in all tissues except lung (Experiment 10, Table Il) appears 
very satisfactory. Occasional figures above 100 per cent are no doubt due 
to the error of measurement of volume in graduated glassware. 

Spectrophotometry of Sample, and Calculations Employed—Table III 
gives the data employed in the spectrophotometric calibration of the depth 
of the new capillary cuvette. The figures in the fifth column of this table 
(D, — Ds) suggest that the main function of the variable aperture dia- 
phragm is to compensate for the base-line absorption (approximately 
equal non-specific absorption over the range of wave-lengths used) due 
to the constricted aperture of the capillary cuvette in comparison with the 
larger aperture of the entrance pupils of the photometer. The technique 
of coincident extinction setting at the wave-length of minimal absorption 
also compensates to some extent for turbidity. Most of the filtrates ob- 
tained by our method are not optically clear. Full correction for base-line 
absorption due to turbidity (9) or yellowish pigments (possibly flavines) 
occasionally present is accomplished by the method of calculation em- 
ployed. The ratio of extinction or optical density at a wave-length of 
550 mu (maximum of the a-band of ferrocytochrome c) to that at 535 mu 
(minimum between the a- and 6-bands) provides the correction factor. 








446 MICRODETERMINATION OF CYTOCHROME C 


Base-line absorption increases extinction at both these wave-lengths by an 
equal quantity, resulting in a diminution of the ratio of the two extinction 
values. The corrected extinction value at a wave-length of 550 may is 
obtained from the observed value as follows: 


j l \ 
l — ouuws 
A 660 a A 650 Tobserved 
corrected “observed 1 (1) 
. 
Ttheory 


TaBe III 
Calibration of Depth of Capillary Cuvette with Oxyhemoglobin Solution of Known 





Concentration 
Ds.* 1 cm D2,* capillary D,,* capillary Depth of 
Wave-length eke cuvette, cuvette, Dy — Ds capillary 
a uncompensatedt compensatedt cuvette 
mu cm. . 
630 0.740§ 0.122§ 0.618 
578 1.226) 1.971§ 1.383§ 0.588 3.389 
562 0.695) 1.423§ 0.787§ 0.636 3.409 
542 1.194 1.971§ 1.360§ 0.611 3.429 
Average. 3.40 
* D = — log T, transmission, as a fraction of unity. 


t Iris diaphragm not employed. 

t Extinction at a wave-length of 630 mu (minimal absorption) set arbitrarily at 
a low value, and match of the optical fields at this wave-length secured by adjust- 
ment of the iris diaphragm. 

§ The oxyhemoglobin concentration is 0.0270 mo per liter (the solution used in the 


1 em. cuvette is diluted 1:3). 

|| The oxyhemoglobin concentration is 0.081 mm per liter, referred to a molecular 
weight equivalent of 16,700. 

{ The depth of the new cuvette in cm. was calculated according to the example, 
1.383 X 3/1.226 = 3.38 cm. 


where Povservea IS the ratio D(A 550)/D(\ 535) obtained upon the filtrate 
and Theory is 3.10, the same ratio for a purified, optically clear solution of 
ferrocytochrome c (Table IV). The concentration, c, of cytochrome ¢ in 
mm per liter (referred to a molecular weight of 13,000) is now obtained by 
application of the equation, 

A 650 

corrected L (2) 


<x — = c (in mo per liter) 
3.4 


© 550 


where ¢ is the absorption constant (extinction for a concentration of 1 mM 
per liter and a depth of 1 em. (Table IV, Experiment 4)). 
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The concentration, c, may be obtained directly by a simplified expression 
derived from Equations 1 and 2. 


A 550 A535 
observed — —aent nine (3) 


¢ (in mm per liter or micromoles per ml.) = ( se 


© 550 ~ & 535 
TaBLe IV 
Comparison of Absorption Constants, e, for Optically Clear Solutions of Ferrocytochrome 
c at Different pH Levels in the 1 Cm. and in the Capillary Cuvette 
«is the extinction for a concentration of 1 mm per liter, referred to a molecular 
weight of 13,000, and a depth of 1 cm. 


ot Cuvette pH* Wave-length € on 550/" 535 
cm mu 
1 l 4.10 550 (a)t 26.11 
535 (m) ~ 7.59 3.44 
520 (8) 15.37 
2 l 13+ 550 (a) 28.38 
535 (m) 7.29 | 3.89 
520 (8) 14.73 
3 Capillary, 3.4 4.10 630 0.06t 
550 (a) 26.90 
535 (m) 9.77 2.76 
520 (8) 17.97 
4 sie 34 | 134+ 630 0.06% 
550 (a) 29 .28§ 
535 (m) 9.45§ 3.10 
520 (8) 17.63 


* Determined by glass electrode. The value of 13+ indicates a pH greater than 
13 for cytochrome c in 0.2 mM NaOH solution. 

ta, maximum of the a-band, 8, maximum of the 8-band, m, minimum, with a 
spectral interval of 1.5 to 2 mu. 

t Extinction arbitrarily adjusted for a low value by means of the iris diaphragm 
at a wave-length of minimal absorption for ferrocytochrome c. 

§ Absorption constants for ferrocytochrome c used for the calculation of con 
centration in determinations upon alkaline solutions with the capillary cuvette. 


When the values of « in Table IV, Experiment 4, are used, Equation 3 
becomes 


4550 =e D* 635 
c (in mM per liter or micromoles per ml.) = —bserved ___ observed (4) 
67.4 


or 
. . . . 4 650 4535 . 
¢ (in mg. per liter or micrograms per ml.) = (Dijsarvea ~ Dotserved) * 192.8 (5) 


By these simple, direct means adequate correction for extinction due to 
turbidity and related factors is obtained. 
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TABLE V 


Analyses of Cytochrome c Content of Liver and Kidney Cortez of a Mixed Population of 
Albino Rats 








: No. of rats , Liver - 
Experiment . Mean weight : Kidney cortex 
No. — of rats Evident turbidityt Cy . CyCeCneeaNs ¢ 
of filtrate ytochrome ¢ 
em. y per gm.dry weight | y per gm. dry weight 

l 320 None 666 1850 

2 7 170 os 588 1580 

3 2f 223 - 588 1420 

j 7 45 ” 865 1315 

5 l 289 Slight 815 

6 l 206 os 179 1310 

7 l 240 - 487 

S ] 360 Strong (264) 1305 

9 2 _ = (342) 1230 
10a\ 1§ 210 } ; = ' (293) 

LOb; | Clarified || 371 
Mean, values in parentheses not included 607 1430 
S.e.4 +59.8 +81.9 
(S.e./mean) X 100 +9.8 +5.7 
Mean, calculated** from 10 analyses reported by 

Potter and DuBois (3 235 S75Tt 
S.e. ; +2.8 +27.1 
(S.e./mean) X 100 +1.2 +3.1 
Mean, calculated** from 10 analyses reported 

by Stotz (4) 195 1170 
S.e. +10.0 +38 .2 
(S.e./mean) X 100 +5.1 +3.3 


* In experiments with pooled organs approximately 1 gm. of the liver and 0.5 gm. 
of the renal cortex were taken from each animal for the preparation of the respective 
minces. 

t The relationship of turbidity of liver filtrates and glycogen content is discussed 
in the body of the paper. 

t These animals were the parents of a litter used for Experiments 4 and 9. 

§ Cane sugar was fed as an exclusive diet (to produce a very high liver glycogen 
content) for a period of 36 hours before sacrifice of the animal. Aliquots of the 
filtrate were used in Experiments 10a and 10b. 

Filtrate clarified by treatment with diastase. 

€ S.e., standard error, calculated from +/ Yd2/n(n — 1). 

** The original values of Potter and DuBois (3) and Stotz (4) are expressed upon 
a wet (fresh) weight basis with the molecular weight of cytochrome c taken as 16,500 
instead of 13,000 (8). To convert the values reported by these workers into the 
terms used by us, their figures for liver were multiplied by (13,000/16,500) X 3.31 
and for kidney by (13,000/16,500) X 4.49. The factors 3.31 and 4.49 represent our 
mean values for the ratio of wet weight to dry weight in liver and kidney respectively. 
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TaBLE V—Concluded 


¢t This value is for whole kidney. Based upon our analyses of kidney cortex and 
medulla, a rough estimate of the corresponding value for kidney cortex may be 
obtained by multiplying by the factor 1.2. 


Since many applications of this new micro spectrophotometric technique 
no doubt may be found, attention should be called to its present limitations 
related to the optics of the system.’ An examination of the figures given 
in Table IV discloses that somewhat different « values are obtained for 
ferrocytochrome c in the capillary cuvette-diaphragm technique and in the 
standard technique with the 1 em. cuvette. It should be emphasized that 
for the establishment of precise spectrophotometric constants only the 
values obtained by the standard technique should be employed. 

In Table V the results of analyses upon two rat® tissues, liver and kidney 
cortex, are presented, as well as a comparison of our results with those of 
other workers (3, 4). These tissues were chosen for the contrast they 
afford. Both are relatively high in cytochrome c, but appreciably more 
consistent results are shown in the case of the kidney cortex than in the 
case of the liver. The latter tissue has been found by us to yield more 
variable results with reference to cytochrome c content than most other 
rat tissues examined. A comparison of the mean values, given in Table V, 
indicates furthermore that our results upon the kidney are of the same order 
of magnitude (when calculated upon a similar basis) as those reported by 
Potter and DuBois (3) and by Stotz (4). However, our analytical results 
upon the liver are significantly higher (approximately 3 times) than those 
reported by these investigators. Our experiments suggest that there is 
roughly an inverse relationship between the cytochrome c recovered and the 
glycogen content of the liver. A possible influence of diet upon the cyto- 
chrome c oxidase system in liver has been suggested previously (10). Ina 
forthcoming publication, now in preparation, we will present the results 
of analyses of cytochrome c¢ in various normal and neoplastic tissues of 
different species. 

7A rather remarkable phenomenon is exhibited by the capillary cuvette. When 
visually turbid solutions which transmit light poorly in a 1 em. layer are placed in the 
cuvette, they appear completely transparent and clear, though distinctly yellowish 
in color when viewed through the 3.4 cm. capillary. The explanation of this optical 
phenomenon is uncertain, since spectrophotometrically such solutions behave as if 
turbidity is still present, non-specific base-line absorption (discussed in the body of 
the paper) being evident from the extinction values obtained. 

* Albino rats were used. The animals were purposely not selected as to stock, age, 
size, or sex, in order to represent a mixed population. This lack of selection with 


reference to age groups, etc., may be a factor in producing somewhat greater vari- 
ability in the cytochrome c content of tissues from individual animais in our study. 
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SUMMARY 


A method is described for the isolation of cytochrome c, free of hemo- 
globin, from small amounts of tissues (0.2 to 20 gm., fresh weight). The 
isolated pigment is concentrated to small volumes (1.0 to 1.5 ml.). 

A micro spectrophotometric technique, applicable to less than 0.8 ml. of 
fluid, has been developed, in which a cuvette of capillary bore and 3.4 em. 
depth (capacity of 0.59 ml.) and a compensating iris diaphragm are uti- 
lized. By these means ferrocytochrome c has been determined after isola- 
tion from appreciably smaller amounts of tissue than has hitherto been 
possible by direct methods of analysis. 

A simple method is presented for applying corrections for non-specific 
light absorption due to turbidity or related factors. 

A comparison of our analytical findings with those in the literature upon 
the cytochrome c content of rat kidney cortex and liver is given. Our 
results upon liver are significantly (3 times) higher than those previously 
reported. This finding has been discussed. 
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THE VERATRINE ALKALOIDS 


XX. FURTHER CORRELATIONS IN THE VERATRINE GROUP. THE 
RELATIONSHIP BETWEEN THE VERATRINE BASES 
AND SOLANIDINE 


By LYMAN C. CRAIG anp WALTER A. JACOBS 
(From the Laboratories of The Rockefeller Institute for Medical Research, New Y ork) 


(Received for publication, June 10, 1943) 


Recent studies on the veratrine bases (1, 2) have shown that all those 
thus far studied are members of a closely related group of substances which 
has also been found to include the potato base, solanidine (3), and therefore 
related Solanum bases. All possess formulations with 27 carbon atoms 
and, with the exception of jervine (and pseudojervine), are tertiary bases. 
This close relationship has been substantiated by the isolation of the char- 
acteristic basic degradation product, 2-ethyl-5-methylpyridine, from each 
on dehydrogenation. The individual formulations are shown in Table I. 

The data obtained have indicated the hexacyclic character of all of these 
bases. From active hydrogen determinations, all of the oxygen atoms in 
these formulations must be contained in hydroxyl groups. Solanidine is 
known to contain a carbon to carbon double bond (4), and the unsaturation 
which we have found to be present in cevine by the production of dihydro- 
eevines (5), in the light of our later work, must be regarded in the same 
category. Recently, protoverine (6) has also been found to yield dihydro 
derivatives. Te complete the picture, the degree of unsaturation of other 
veratrine bases has been similarly studied. 

In the case of germine, a difficulty was encountered, since all attempts to 
hydrogenate it with an active platinum oxide catalyst, either as the base 
dissolved in methanol or after acidification with acetic acid or with an 
active nickel catalyst, were unsuccessful. However, isogermine, as the 
free base dissolved in methanol, could be readily hydrogenated to dihydro- 
isogermine. On the other hand, germine on treatment with sodium in 
butanol was reduced to an isomeric dihydrogermine. Active H determina- 
tions on these products have given results in agreement with the reduction 
of a carbon to carbon double bond and not with the opening of one of the 
tertiary N rings to give a secondary base. Both rubijervine and isorubi- 
jervine in methanol solution, which contained an excess of acetic acid, 
were converted respectively to dihydrorubijervine and dihydrotsorubijervine. 
The hydrogenation of an olefinic linkage in the former was shown by its 
acylation to a diacetyldihydrorubijervine, which retained the original basic 
character. 
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It is thus seen that all of these bases, with the exception 


vielded data which permit the conclusion that they are s 
hexacvelic tertiary bases in which the tertiary \ must 
of the rings. In the case of jervine (2, 7), sufheient d 


tained to show its close relationship to the gr ip Ho 


in a special category, since if reactS as a second uy 


least two conjugated double bonds which can be hydrog 
hydrojervine The derived formulation of jJervine 1s ‘ 


as appears prol able, it 1s pe ntac velic, it must still co 


linkage - whi n hat e not been detected as vet by nvarogel 


question which vill have to hye investigat “d further 
The close analogy of the veratrine bases to solanidin 


Solanidine has been conclusively shown by Soltyz and W 


Rochelmeve1 y to be «4 sterol deri ative since 1t Vif 
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( evine 

ts ne 

Protovert 

Jervine 

Rubijervine 
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pe nt nophe nanthre ne on st lenlum dehvdroge n 
a sparingly soluble digitonide with digitonin. It 


to check the latter property with the veratrine ulkamine 


the experimental part, isorubijervine was found to 
sparingly soluble digitonide. Rubijervine also appt 
tonide. but onlv after longer standing [his property p 
in the case of jervine, as vell as with germine, 1sog 
protovermne Che significance of the outcome ot the test 


latter vhich are morte highly hvdroxvlated 


However, the promptness of the precipitation of isoru 


tion of the digitonide began within 30 minutes) Is strong 
case of a 3-(8)-hydroxyl group contained on Ring A ol a 

In certain wavs, our experience with tl ( I 
fered, at least from the recorded observations Ww 
Solanum bases Thus we have not been able to 
pentenophenanthrene tron the dehyvdrogenatt 
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the veratrine bases. Instead, from those which we have been able to 
study with sufficient thoroughness (except in the case of rubijervine), the 
more complicated hydrocarbons isolated behaved as tetracyclic or penta- 
evclic fluorene derivatives. We have, therefore, reinvestigated the neutral 
hydrocarbon fraction which results on dehydrogenation of solanidine, not 
only for confirmation of the recorded production of Diels’ hydrocarbon, 
but also to determine whether any analogy to our experience with the 
veratrine bases could be found among the remaining dehydrogenation 
The dehydrogenation was carried out essentially as in the case 
of the veratrine bases, and Diels’ hydrocarbon was isolated without diffi- 
culty. In addition, two other crystalline hydrocarbons were obtained 


products 


vhich were identified as 2-methylphenanthrene and 1 ,2-dimethylphenan- 
threne. These substances were probably formed by the further degrada 
tion of Diels’ hydrocart on or its precursor The most careful investiga 
tion, however, failed to reveal the presence OT any fluorene hydrocarbons 
in the dehydrogenation mixture. 

This difference of behavior taken alone might not be too conclusive, 
since, as rec ntly reported, we had failed to obtain any evidence of the 
production of fluorene hydrocarbons among the dehydrogenation products 
from rubijervine (1 Instead, a hydrocarbon obtained as a major 
product appeared unquestionably to be a methyleyclopentenophenan- 
threne. This hydrocarbon did not prove to be Diels’ hydrocarbon, but 
anisomer. ‘The data obtained with the hy drocarbon and with its trinitro- 
benzene derivative agreed with those recorded for synthetic a-methyl-1 2 
eyclopentenophenanthrene described by Ruzicka, Ehmann, Goldberg, and 
Hésli (10). But if such identity should be established, its formation would 
be difficult to interpret. The failure to obtain Diels’ hydrocarbon from 
rubijervine, which IS isomeric with the Solanum base, solasodine, Irom 
which Rochelm« ver (9 obtained this dehydrogenation product, thus re 
quires explanation But, irrespective of such differences, it is now cleat 
that the whole veratrine group 1s closely related to the sterols, and any 
structural formula proposed, if nt identical with the perhydro-1 ,2-cyclo 
pentenophenanthrene structure of the latter, cannot depart greatly from it 

[t would seem, therefore, on the basis of our present information, if cor 
rectly interpreted, that the possibility must still be seriously considered 
that Ring B contains 5 carbon atoms in those veratrine bases which yield 
fluorenes on dehydrogenation, as in Formula I, and perhaps 6 carbon atoms, 
as in Formula IT, in those which yield phenanthrenes. If all should prove 
to be in the latter class, the fluorenes must result from a ring contraction 
during the dehydrogenation. Although ring enlargement from a 5-mem- 
bered ring to a 6-membered ring, especially at high temperatures, has 


occasionally heen observed, the reverse has not been noted as far as we are 
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aware, at least under the usual conditions of! dehyd ogenat \ I 


‘ _ yy « iVe 
aturally given consideration to a possibility which ears e difficult 
to reconcile with the data on hand , that the fluorene character of the 
hydrocarbons obtained on dehydrogenation is due only to the recyclization 


of the side chain of Ring D on carbon atom 16, as general! ecepted in tl 
case of the pentacyclic naphthofluorenes which have been repeated] 


countered in the dehydrogenation of the sterols 
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threne obtained from it must be formed by ring enlargement during dehy 
drogenati n a nature of R ng B must, therefore, be regarded as a 
point which has not been established beyond question and will require 


further stud) 


The heterocyclic portion of Formula I or II is in complete accord with 


} 


the sterol relationship, for it can be formed by condensation of the isoocty] 


side chain of the sterols with ammonia This is somewhat analogous to 
the spiroacetal fe f the steroid sapogenins recently derived by 
Marker and Rohrmann (12 vhich involves double cyclization on C 


atom 22 However, nother arrangement Formula IT] ; proposed by 


Clemo. \lorgan, and Rape 3) for the heteroevelic portion of solanidine, 
is a pyrrolizidine ich also can be formed from the side chain. The 
former. however, appears to be the arrangement which, while consistent 
vith the sterol side chain, is more consistent with the production of B-pico 
line and 2-ethyl-5-methvlpyridine as direct cleavage products. If the pyr 
rolizidine formula is correct, the 2-ethyl-5-methylpyridine formed in such 
good vield from solanidine would have to be the result of ring enlargement 
of Ring F to a 6-m«e red om ith rupture ol the bond between carbon 
itoms 17 and 20. If such a rearrangement could occur, it would seem 
likely that considerable amount of pyrrole formation could also take 
place. While we have not investigated the products from solanidine from 
this angi e have ery carefully investigated the volatile products from 


the dehydrogenation of a number of the veratrine alkaloids in search of 


pyrrole cdi { > nic night give direct evidence of the nature of 
Ring | tu cases have been unsuccesstul he pyrrole red test 
reported in ¢ ier papers on st lanidine qadoes not appeal to be significant, 
since it might arise fro insaturated nitrogen derivatives among the 
unstable degradation products. Finally, it should be pointed out that the 


formation of N-methyl-8-pipecoline (14) during the Zn dust distillation of 


eevine could be even less readily reconciled with a pyrrolizidine structure 
since this would involve a rearrangement from a fullv saturated, 5-men 
hered ni rey ng te rire cine 

There is still another possibility which might be considered z., eveliza 


tion on carbon atom 12, as sl n in Formula I\ However, such an 


arrangement pears incompatible with the film measurements (15) and 
also vit] tive nt pretation OTF the unsaturated precursor ol the dieveli 
base, C,,H,.N s a direct decomposition product from the soda lime 
distillation of cevine The production of this base now appears best 


interprete cd as the result of clea, age o! Ring DD. as in Formula \ 
It is interesting that the carbinol-amine relationship discussed by Briggs, 
Newbold. and Stace (16) for solasodine vith the pyrrolizidine formula 


of Cle mo é¢la 13 vould be 1uUST Aas possible on the basis of the octahvdro 
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ivdroxvl group is undoul tedly in the 3 posi- 


For th me reason, this must be the case in isorubijervine and 
ubijervine It is almost certain that this position is also occupied by 
. ] > > ; +] . | | | 
a hydroxy! group in the other eratrine alkaloids Rubijery ine appears 


ip located in the 
Ld 


sé cond one 


2To 


vicinity of the first, since 
the incompressible ty 


In jervine, in addition 


be | 


ype of surface film 


OsItioON 3, a may ocated on 
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THE STABILITY OF CAROTENE IN ACETONE AND 
PETROLEUM ETHER EXTRACTS OF 
GREEN VEGETABLES’ 


1 THE PHOTOCHEMICAL DESTRUCTION OF CAROTENE IN THI 
PRESENCE OF CHLOROPHYLI 


Il. THE STABILIZING EFFECT OF SODIUM CYANIDI 


LEONARD P. PEPKOWTI 
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Received for publication, 4 2 4 
The Photochemica Destruction of Ca yn ti Pres f ¢(') ophyl 


The nhotor he mile al cle struction ot carotene in the presence Or ¢ hlorophyll 


yas rst observed when acetone extracts otf green leafy vegetables were 
lowed to stand for a 4 how period on a laboratory bench exposed to 
sunlight Subsequently it was found that the destruction of the carotene 


yas much more rapid in the extracts of e oked san ples than in extracts of 


raw samples \ loss of as much as 60 per cent ol the carotene was noted 


in the extracts of cooked material 


and a 40 per cent loss of carotene in the 
extracts from raw material, during a 6 hour exposure to ordinar\ daylight 
\ practical application of the observations des« ribed in this papel is the 
necessity for the protection of plant extracts [rom undue exposure to light 
or the immediate removal of chlorophyll from such extracts during the 
ourse ol 1 series OF ¢ 


t } 


methods of carotene LNALVSIS 


otene estimations, since in most ot the current 
petroleum ether or acetone 1s used is the 


extracting medium 


\ccordingly the tollowing experiments vere devised to substantiate these 
} traty ot ' + ps ; ra ha } liitor ) " ‘ al] 
observations \cetone extracts of a number ol different green vegetables 


l 
; 


vere prepared by the use of the Waring blendor. 30 gm. samples of the 


resh vegetables were used (one sample vas cooked before extraction 
to a second, 50 mg. of sodium vanide were added betore extraction; a 
hird sample remained untreated, and will hereafter be referred to as th 

. sam pi \liquots of the irious extracts were taken; half wer 
xposed to sunligh ind the other half wer placed in the dark Che caro 
tene estimations ere made by the method of Petering, Wolman, and 


Che carotene contents alter stated periods ol Lime are giveh in lable | 


llth wil ises except tor raw carrots there wert 
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The reasons Ifo! the greater loss of cal 
samples are not apparent but it might be 
that might prevent the destruction of carot 


ooking process 
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| low ey 
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raw Samples ere exposed to light before extraction, for no loss of carotene 


vas observed even after extended exposure The loss of carotene appar- 
ently took place only after extraction, and not in the tissue itself 

{( arrots were mnciudae d in lable | because they omer a good example of the 
phenomenon being discussed lhe roots of carrots possess no chlorophy ll; 


therelore extracts oO! this ' egetable do not lose carotene upon exposure to 


light Howeve lic! lorophy I] 1S added to the carrot root extract. carotene 


s destroved, losing 40 per cent ol the original carotene content after a 4 


hour exposure to light. The importance of light is indicated by the fact 
arrot extract plus chlorophyll in the dark lost no carotene during the 

nour inte i 
Che destruction of carotene was not confined to acetone solutions alone 


Pure carotene dissolved in petroluem ether b.p. 30-60 solution of 
irotene-iree chlorophyll showed a similar loss of carotene upon exposure 
to light, as is indicated in Table II. 

5 means of the following experiment the interdependent effects ol 


chlorophyll and light in the photochemical destruction of carotene were 


lemonstrated \ carotene-iIree solution of chlorophyll was prepared by 
extracting the tops of potato plants with acetone in a Waring blendor and 
filtering the extract. The filtrate was shaken with one-fourth its volume 

petroleum ether in a large separatory funnel, dissolving the carotene 


in the petroleum ether layer while the chlorophylls and carotenoid pig- 
ments were partitioned in the two layers. The petroleum ether layer 
vas evaporated to dryness, the residue taken up with acetone, and a second 

raction with petroleum ether was made. The two acetone layers were 

mbined and evaporated to the desired concentration of chlorophyll. 
This procedure did not give a quantitative separation of the chlorophyll, 
us the greater part of the original chlorophyll content remained in the 
petroleum ether laver. However, sufficient chlorophyll, free from carotene 
but containing xanthophylls and flavones, was obtained in an acetone 
solution. Since the chlorophyll solution could not be evaluated as to its 
actual chlorophyll content, no appropriate standard being available, the 
various concentrations of chlorophyll utilized in the experiments will be 
referred to in terms of ml. of the chlorophyll solution taken. 

Known aliquots of pure carotene (S. M. A. Corporation) in acetone were 
placed in test-tubes, 5 ml. of the carotene-free chlorophyil solution were 
udded to one-half of the test-tubes, and all brought to the same volume 
ith acetone. The test-tubes were equally divided; half were placed in the 
lark and the rest exposed to sunlight. Thus four different treatments 
were provided: carotene plus chlorophyll in the light; carotene minus 
chlorophyll in the light; carotene plus chlorophyll in the dark; carotene 
minus chlorophyll in the dark. Each treatment was conducted in dupli- 
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2 hour exposure to light. In a repetition of this experiment with 0.31 mg 
f carotene, at the end of 2 hours the chlorophyll solution dropped to 0.14 


~ 


mg.. while the solutions with the carotenoid pigments still possessed 0.28 


mg. ol carotene It is obvious from these data, as well as the data for 


y 


arrot roots 1n Table I, that chlorophyll alone was the activating agent in 
the observed photoche mical destruction of carotene 

Chlorophyll has been found to be an activating agent for the photo 
hemical oxidation of other compounds. Meyer (5) has shown this to be 
rue for the photochemical oxidation of such compounds as oleic acid 
ycopene citronellal, linalool, pulegone and ergosterol. Gaffron 6 
resents e\ idence which indicates that autoxidations involving chlorophyll 
roceed through the formation of secondarily produced peroxides and are 
therefore coupled reactions The non-photochemical enzymatic oxida 


tion of carotene n the presence of unsaturated fats has been shown bi 


TaBLe I\ 
) ( ('h/ )/ j } ‘ dy ” 
Carotene 
I 
” 
().2 Of 0,29 0.0 
0.12 17_8 0.07 75.8 
{ 0. 06 73.9 0.04 86.2 
9 0.03 87.0 0.02 93.1 
1 0.04 R26 0.0] 96.6 


Sumner (2) to be caused also by a coupled reaction through the formation 


of a reactive intermediate primary oxide. It is of interest in this connection 
that Aronoff and Mackinney (7) have shown that carotene has an inhibi 
tory effect on the photochemical destruction of chlorophyll even below 
5500 A., where carotene does not absorb light 


[] The Stabilizing Effect of Sodiun ( yanid 


[wo effects of the addition of sodium cyanide are indicated by the data of 
Table I. First, sodium cyanide has a partial inhibitory action upon the 
photochemical destruction of carotene in the presence of chlorophyll, 
since in almost all cases the quantity of carotene destroyed is less in the 
presence of cyanide than in its absence. Because the mechanism involved 
in the reaction described is unknown, it is difficult to evaluate the function 
of the added cyanide in prevention of the destruction of carotene. How 


ever, the abilitv of evanide to act as a ecatalvtie poison is well established 
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A simular response, although not as uniformly effective vas obtained Dy 
ising iodoacetic acid instead of sodium cyanide, but the use of antioxidants 
such as diphenvylamine or sodium acid sulfite proved valueless 

SUMMARY 
: — 

1. Carotene is destroved when dissolved in acetone or petroleum ether 

, ’ | ° | } 1} 
nd exposed to light in the presence ol chlorophy | This reaction has 

] 4 ] 4 ‘ 7 ] . 
een demonstrated in extracts oI green vegetables The mmportance ot 


this fact in the estimation of carotene is indicated 


oreater the loss of carotene 
8. Both light and chlorophyll are necessary for the reaction to occur. 


I 


In the absence ol chlorophyll, Ol light, or both, no loss of carotene could 


} TI e rate ol ae struction ot carotene 18 dep ndent upon the qu untity ol 


chlorophy 1] pres nt Thus chlorophyll is directly involved in the reaction 
and does not act merely as a catalyst 

5. The addition of sodium evanide partially inhibits the photochemical 
destruction of carotene. 

6. Sodium cyanide also prevents the non-photochemical enzymatic 
lestruction of carotene vhich has been obser’ ed to occur in extracts of 
raw vege tables 

The iuthor wishes to express his indebtedness to Protesso1 John B 
Smith for his many helpful suggestions during the course of these experi 
ments and in preparation of the paper 
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In 1937 Lederer ef a |) reported that the livers of certain fresh wate) 


fish contained a substance giving an absorption maximum at 693 my when 


treated with antimony trichloride This observation was confirmed by 
Edisburv et a 2 who designated this material vitamin As. Furthe 
vork by Gillam et a 3) indicated that vitamin A, possessed biological 


activity for rats and Lederer and Rathman (4) have shown that vitamin 
\o IS absorbed and stored in the liver by rats and frogs On the other hand, 
Karrer et al. (5) have recently stated that vitamin \. does not have bio 
logi al activity tor rats 

We feel that this disagreement is due primarily to the different methods 
employed by the above workers to calculate the relative amounts of vita 
mins A, and A» in their preparations. In each case, this calculation has 
been made from the ratio of # (695 mu) to # (620 my) of the preparation, 
but there is a divergence of opinion concerning the value for this ratio for 
each of the pure vitamins The crystalline preparations of Baxter and 
Robeson (6) have allowed an accurate measurement of this value for vita 
un Ay, but a similarly exact calculation for vitamin A, has, until the pres 
ent, not been possible Che values that have been assumed are probably 
incorrect, as will be shown below Since neither Gillam nor Karrer gave 
the physicochemical properties ol the concentrates actually assayed, we 
nave bioassayed a vitamin A» concentrate whose phvsicochemical character- 


STICS were measured hy ls 


EXPERIMENTAI 


Preparation of Vitamin Az Solution—The vitamin A, which was assayed 
lor vitamin A activity was prepared as follows: The livers from seven 
lreshly caught northern pike (2sox luctus) were finely minced in a high 
speed mixer, diluted with water, and extracted five times with ethy! ethe: 
20 gm. of oil were obtained from 400 gm. of live: The absorption max] 
mum in the ultraviolet region was at 352 mu with F (1 per cent, 1 em. 

18.9 \ subsidiary maximum occurred at 286 mu with F (1 per cent, 
| em 20.6. With a saturated solution of antimony trichloride in 


chloroform the oil gave a gree nish blu colon naving an absorption maxi 
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1 1,2, and 4 v.s.p. units per rat per day. These doses gavi 
21.5. 37.6. and 65.5 erage gain in weight per rat ior the 28 
~ 24 190 ¢ 

Phe umin A, concentrate was fed at three levels, 25.64, 128.2 
oO rf iT pel day. Che iverage YL owth responses tor thest 


dos? response CUulrVe 


nd 60.7 gm 


data 


+} ; rm} 
© LOTTA 


was determined It is given 


eference 
) 19.5) /73.1 where equals the inits fed per aay und Y 
gr h response in gm. during the 28 day experimental period. 

1 and the growth response for the 25.64 mg. level of vitamin 
ite indicated that it has a potency of 47,500 U.s.P. units per gm 
! i the rat ed the higher doses of the vitamin \. concentrat 
ined fe umins A, and Ao after extraction in the same manne! 
h livers. The antimony trichloride reaction product (Fig. 2 
e presence ol only vitamin A the ratio of # (695 my) to BE 

is 3.03 

pnonses of 54.7 and 60.7 gn 
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cent 325 My 5) of vitamin A, as a natural ester concen 
th tl of animals fed vitamin Ag (1 gm. of oil solution with & 
nt ( 352 mu 3) is a concentrate from Stlizoste 
he natural ester concentrate of vitamin A, at this level 
1 growth only slightly below normal, whereas the vitamin A, oil 
‘ OXI rt pressing growth to about one sixth normal How 
by no means certain that this repression of growth is caused 
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composition of sweat is as yet fragmentary and 
a ibject to dispute. Reasons for this are numerous, some 
f the more obvious being the difficulty of making satisfactory collections, 


ariation in composition of sweat elaborated by different regions of the 


ody, and the fact that exploratory work cannot be done on animals. The 
subject assumes considerable importance, however, when it is realized 


that in the tropics and hot deserts sweat production may amount to 5 
day (Dill (8) and Dill et al. (9)) and that this sweat is by no 
means a simple excretion of a dilute salt solution. If vitamins are lost 
has been claimed recently, there is a possible basis of support 
ch claims as that of Mills (22) that vitamin requirements are elevated 
n hot climates 

[his paper is a report on the composition of sweat with special reference 


ranic substances and to variations in composition 


( 


amins and some ol 
f sweat collected from different parts ol the body and at different times 


Great care was taken in the sampling procedures and in the analytical 


Subvects and Exp remental Conditions 


\ll subjects were ‘“‘normal’’ young men who were free from known physi- 
il defects. Some of the subjects were soldiers of the 710th M. P. Bat- 
talion; others were college students. All were moderately active physically 


ut none was in real athletic training 

\ll of the studies were carried out in the late fall, winter, and early 
spring, so that the subjects were not acclimatized at the outset. The 
ibjects were studied, and in some cases housed continuously for some 
in an experimental suite with controlled temperature and 
*The work described in this paper was done in part under a contract, recom- 
ended by the Committee on Medical Research, between the Office of Scientific 
Research and Development and the University of Minnesota. Important financial 
vided by the Nutrition Foundation, Inc., by the Corn Indus- 
tries Research Foundation, by Swift and Company, Chicago, by the National Cane 
Sugar Refiners’ Association, and by the National Confectioners’ Association. We 


ire grateful to Merck and Company, Inc., for supplies of pure vitamins 
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vas g ound the upper part of the biceps. In some exper 
ments ar! ngth, neoprene gauntlets, complete with fingers, were used 


ments with sweat from different parts of the hody the 


oom humidity is elevated, profuse sweating induced, and sweat was 
collected by seraping the skin wit! small beaker or pus basin. Just 
hefore eac! mp is taken in this WAN the skin was quickly sponged 
ith distilled water and dried. This procedure was relatively satisfactory 
or the . he sweat production Was so protust that samples 
ere obtain hin 2 or 3 seconds after the skin was prepared 
In the later experiments sweat was collected from different parts of the 


cauze bandages covered externally with dental rubber dam. The 


sweat was extracted from the bandage and rubber dam by a measured 
mount of distilled wate) Both gauze and rubber dam were weighed dry 
ind the « ined sweat-bandage-rubber dam was weighed to measure 
the total sweat collected This method proved very satisfactory for sweat 
collection from the face, axilla, thigh and various parts of the torso, though 
some practice is needed to apply and remove the bandages properly. 
In the past, much work on sweat composition has been done with sweat 
1] ; 


collected from the hand in an ordinary surgical rubber glove (Dill (8 


compare such sweat with that of the entire body the subjects 


vere clad in a full length union suit and heavy socks and wore the rubber 


giOVeSs rile ilking briefly on the treadmill The skin was previously 
prepared as usual and the garments had been carefully washed in distilled 
vater, dried, and weighed No sweat as such was lost from the system, 


body plus garments At the end of the period ol sweating the subject 


stood in an enameled basin into which the garments were removed and 
the body rinsed with distilled water he garments plus washings were 
we ighe d The garments wer then extracted with the distilled water and 


analysis for chloride was carried out on the diluted sweat and washings 


Glove sweat as analyzed directly Before and after the sweat collection 
the nude subyect iis veighed to t+ gm The total sweat production 
vas large enough so that this weighing procedure allowed estimation of the 
volume fnan error ol about | per cent 

iscorhic Acid—A large number of recovery experiments showed that 


= 
ASCOTDIC 


acid estimation is very satisfactorily accom 


gauntlets in 15 minutes at 49 Vitamin C de 
struction in the collection of sv 


plished with the dupren 


eat for analysis is negligible when the ar 
rangement with ice-cold collecting vessels is used 
With subjects on ordinary diets the concentration of ascorbic acid was 


always very low, ranging from 0 to 0.18 mg. per 100 ce., with most of the 
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ised we have found the average ascorbic acid concentra 


large Samples are 1 
tion in the sweat ot t elve young men on ordinary college diets to average 
0.033 mg. per 100 ec., standard deviation -0.00604. 

The conce! tion of ascorbic acid in the sweat is independent of that 
in the plasma, as might be inferred from the results cited above. In sub 


iects with values for plasma vitamin C of from 0.31 to 1.41 mg. per 100 ce 
the sweat concentrations were entirely independent. 

It should be noted that the decolorization of 2,6-dichlorophenol indo 
phenol is not entirely specific for ascorbic acid We can conclude that the 
concentration of ascorbic acid in the sweat is not greater than indicated 
above It is clear, therefore, that even in the most extreme conditions, 
when the sweat volume may reach 10 liters per day, the maximal loss of 
ascorbi au id is less than 10 mg Actually, the maximal losses we have 
alculated from studies in the laboratory and in extreme conditions in 


lesert maneuvers with the United States Army would amount to 4 mg 


ner day or less Che phvsiologiecal rdle of ascorbic acid in resistance to 
high temp res will be discussed in a separate paper. 
Vitamins of t B Complex—Sweat contains a large amount of fluores 


eent substance but this is mostly not thiamine o1 riboflavin When con 


trols are run by omitting potassium ferricyanide and these are used in the 


ealculation of the true thiamine content from the thiochrome procedure, it 
appears that the thiamine concentration of sweat is exce ding|h) small and 
accordingly Vel difheult to estimate accura ely. In a series of twelve 
separate estimations Ol thiamine in sweat, values have ranged trom U.00 


to 0.6 y per LOO ce Che average is of the order ot 0.15 y per LOO ee. and 


even this may be an overestimate. If we accept the highest possible values, 
it appears that Maxim il loss of thiamine in sweat would be less than 50 + 
er aa etuall relieve the true maximal loss 1s conside ibly less 
than thi mount 


Riboflavin similarly is found in sweat only in vanishingly small amounts 


In ord to achieve certainty on this point much care was taken in collec 
tion and | re pooled samples were concentrated by evaporation In & vac 
lum at low temperature \Microbiological assays were carried out on the 


oncentrated material and indicated about 0.5 y of riboflavin per 100 ce. 
Accordingly. the maximal sweat loss of this vitamin is no greater than in 


he case of thiamin 


Nicotinic acid in sweat was measured in pooled samples and averaged 


about 100 y per 100 ce. Both chemical and microbiological methods gave 


results in agreement 
Different Parts of Body—It is well known that lactic acid and urea as well 


1 significant amounts. Accordingly, it was 


is chloride occur in sweat 1 


onsidered that the estimation of these substances in sweat collected simul 


i 
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averaged somewhat less on the 2nd day than on the Ist but thes« differences 


+ ¢ 


were statistically insignificant 





Earlier in this paper we indicated important differences in the concen- 
tration of sweat collected from different parts oI the body. Che interence 
is that it may not be possible to calculate the total sweat loss ot chloride 
from the analvsis of a “sample.”’ Such calculations have been mad 

A 
7 M 
+. 
= . - 
wear e 
Ky l The i mn between the I ntr ~ ) } 
luring the firs > davs in the heat 
raspie Vi 
Compa m ¢ iverage Chloride Concentration of Total Body Swe h ¢ 
(once? f107 ns at C¢ eas / j 
Chloride concentrations are in milliequival Dp Weig 3 
( i Is the gross body weight loss correct 1 f rt ) nd it nsibie p Spit 
sweat collection periods rf nged from 30 to 451 ites 
H 
H ( WW 
| Feb. 23 §2.0 266 937 (0) } +4 
24 7.2 650 629 24.3 IR A {8 
» MI t 83.2 761 io 9.1 53. 55 
| 65.8 713 682 6% +. 172 
chiefly from hand sweat collected in a rubber glove. The acceptability ol 


this procedure was carefully checked in four experiments in which hand 
sweat was collected simultaneously with that of the rest ol the body 
The results are given in Table VI It is clear that very large errors W vuld 
result from the calculation of total body losses of « hloride from the concen 


tration of hand sweat and the weight loss 








CS DISCUSSION 


The composition Of sweat Is Ol interest because of the possible effect of 
sweat loss on the requirements of the body for salt and vitamins in hot en- 
vironments In the case of salt (chloride) the loss may be large and its 


quantitative evaluation is important However, it appears that such 


: evaluation cannot be made accurately from samples taken from any one 
nart ol the body In general, the total salt loss calculated from the con- 
entration of sweat collected in a glove is considerably greater than the 
true salt loss trom the whole body; this is well shown in the present study. 


The relative lv low salt econeentration of total body sweat is notable in the 
measurements of Hancock, Whitehouse, and Haldane (13), of Dill et al 

10). and of Lee et al. (19 It should be noted that the loss of water and 
salt through the skin is not independent of osmotic forces (Whitehouse, 
Hancock, and Haldane (32)), and it must be expected that the sweat con- 
centration will vary according to whether the skin is immersed in sweat 
as in a glove) or encased in salt (as in complete evaporation). 

We have no ready explanation for the seemingly independent variation 
in the concentrations of different constituents in the sweat collected from 
different parts of the body. However, it should be remembered that the 
total sweat is the product of three different sources: (1) secretion of the 
eccrine glands, (2) secretion of the apocrine glands, and (3) presumably 
passive diffusion of water and possibly other constituents in the “‘insensible 
perspiration The concentrations of the several constituents differ in 
the “sweat” from the different sources and the relative amounts of the 
several sweats produced in different regions must vary according to the 

natomy of the loeal skin cf Kuno (18 The subject of chloride econ 
omy under different conditions will be discussed in a separate contribution: 

Numerous statements are appearing to the effect that human vitamin 
equirements are increased in hot environments (ef. Mills (22) Most of 
the factual re ports concern ascorbic acid losses in sweat. Cornbleet, Klein, 
and Pace (7) and Bernstein (1) reported vitamin C concentrations in 
sweat of the order of 0.5 to 1.0 mg. per 100 ce. Such values could mean 
important losses in heavy sweating. However, other analyses indicate 
much smaller concentrations (Zselvonka and Nandssy-Mégavy (34), Wright 
ind MacLenathen (33), Hardt and Still (14 The present results are 
still smaller and indicate that ascorbic acid loss in sweat is negligible. The 
higher values reported earlier probably reflect the fact that the analytical 
methods used are not very specific and other reducing substances readily 
enter as contaminants. We have observed this to be the case with some 
types of rubber gloves 

Hardt and Still (14) have suggested that thiamine losses in sweat may 


cause serious physiological consequences.’’ Their values for thiamine 
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oncentration u veat must be ascribed to analvtical erré e found that 
the more exacting were ¢ ir methods the nearer ¢ results were to the zere 
thiamine le Slate 28) has reported similarly | Vaties for thiamin 
hn swea 

\Ilany workers have reported significant amounts of glucose in sweat, 
5 to 20 mg. or more per 100 ec. (e.g. Borchardt (2), Sylvers ef al. (31 
\IieSwiney (20 We obtained similar values by the use of the ordinan 
methods. However, sweat contains a number of non-glucose reducing 
substances and the ordinary methods are not specific enough to allow con 
lusions as to the true glucose content ot sweat Schulz 2t and Schulz 
ind Kunz (27) have shown that practically none of the substance in Sweat 
recorded as glucose by the Hagedorn-Jensen method will form a phenyl- 
glucost osazom The statement of Engelhardt 12) that sweat of diabetie 


patients may exceed 150 or 200 mg. of glucose per 100 ec. is certainh 
erroneous 

Che majority of the constituents in sweat are more dilute than in the 
blood plasma or interstitial fluid. Lactic acid, or lactate as it exists in 
sweat, is a notable exception. Values as high as 450 mg. of lactic acid per 
100 ec. have been reported in the sweat of resting subjects Pemberton 


24)). but the best methods indicate that the alues are usually below 100 


LOO CC unk <=S the blood lactate le \ el Is ¢ le vated The values re 


mg. pel 


corded here reflect only moderate elevation in the blood lactate ILosiakina 
ind Krestownikoft 17 reported values as high is 1765 mg. pe LOO ee. of 


+ 


veat obtained in a marathon race 

Urea is also more concentrated in sweat than in the blood In the present 
study thirty-eight samples of arm plus hand sweat averaged 67 mg. of urea 
per LOO ce.., with a range of 23 to 156 mg Che bloods drawn at the same 
per 100 ec., with a range of 8.2 to 24.4 mg. These 


time averaged 18.1 mg 
(20 


than those reported by MeSwiney 


sweat values for urea are highe 
Mezinesco (21), Chopra ef al. (4), and Robinson ef a/. (25), but it may be 
noted that urea is not very stable In sweat and special precautions art 
needed to prevent its loss in the collected samples. The urease method 
ota 


used here is highly specific and vas applied vith great Care SO Comsat rable 


confidence is placed in the results 
[It should be clear that sweat secretion 1s at least as complicate ad 4s urine 


t is, in its way, as complex as urine But in the case ot 


secretion and swea l 


irine formation some regularity is apparent and the relations between the 
urine and the blood pressure are at least capable of partial definition. As 
vet few guiding principles for the quantitative appearance of various sub 
stances in sweat are discernible Such substances as glucose, thiamine, 


riboflavin, and androgens (Cornbleet and Barnes (6)) are almost wholly 


excluded ; phosphates uric acid, and ascorbic acid appear in very small 
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amounts; and ammonia, urea, and lactate are greatly concentrated 
Chloride ranges from twice the concentration in the plasma to perhaps one 
fifth the plasma level. None of these substances reflects the blood con 
centration of the same substances unless the blood levels are markedly 


abnormal 


SUMMARY 


|. Sweat was collected from various parts of the body of normal young 
men in rest and in moderate work. In most cases the temperature was 
19°, the humidity 25 per cent relative saturation, but in some experiments 
humidities over 65 per cent relative saturation were maintained at an an 
temperature of 37-38". 

2. The concentration of ascorbic acid in sweat is generally less than 0.1 
mg. per 100 cc., the true average being of the order of 0.03 mg. per 100 ce 
The concentration is independent of the dietary intake of the vitamin 

3. The concentration of thiamine in sweat is of the order of 0.2 y on 
less per 100 ce. Riboflavin concentration is of the order of 0.5 y or less 
per 100 cq ol sweat 

f. The concentration of nicotinic acid or its biological equivalent in 
sweat is of the order of 0.1 mg. per 100 ce 

5. Lactate, urea, and ammonia are much more concentrated in the sweat 
than in the blood. 

6. Sweat samples collected simultaneously from the hand, arm plus 
hand, face, torso, and thigh showed marked differences in total concentra 
tion and in concentration of individual constituents including chloride. 
lactate, urea, creatinine, and uric acid. 

7. Hand sweat is more concentrated in chloride, by 30 to 70 per cent, 
than the total body sweat formed at the same time. 

8. The concentration of chloride in the sweat is highly variable but it 
is independent of moderate variations in the concentration of chloride in 
the blood plasma. 

9. Under conditions of continued profuse sweating losses of ascorbic 
acid, thiamine, and riboflavin are negligible from the standpoint of vitamin 
nutrition Che sweat loss of nicotinic acid under these conditions could 


be significant however. 


[t is a pleasure to record our obligations to Colonel H. J. Keeley, Com 
manding ( fieer, Fort Snelling, to Lieutenant ( ‘olonel J. J Shy af ‘Command 
ing Officer, 710th Military Police Battalion, and to the men of the 710th 
Military Police Battalion who served as subjects Chis work would have 
been impossible without the generous help of the staff of the Laboratory 
Physiological! fiygiene, especially Mr. Howard Condiff and Miss Doris 
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Doeden, Assistant Chemists, and Miss Angie Mae Sturgeon, Head Tech. | 
nologist. We are greatly indebted to Dr. J. 8. Andrews of General Mills 


Inc., for analyses for nicotinic acid and riboflavin. 
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Acceleration of the oxidation of xanthophyll and similar substances to 
colorless products has long been recognized as a property of soy bean meal 
and used in the bleaching of bread dough. Hauge and Aitkenhead (1 
reported a carotene-destroying factor in alfalfa, and later (Hauge (2)) a 
similar enzyme in potato juice. André and Hou (3) showed that the fat of 
soy beans and of certain true beans could be oxidized by a catalyst present in 
the beans. Craig (4), using the Warburg technique, demonstrated the 
oxidation of a variety of fats by means of protein constituents of Lupinus 
albus. Sumner and Dounce (5) showed that an enzyme, ‘‘carotene oxi- 
dase,’’ existed in aqueous extracts of soy beans. Its action was dependent 
upon the presence of unsaturated fats or fatty acids, thus connecting the 
oxidation of carotene and fat. Unsaturated fats were found to increase in 
peroxide number in the presence of soy bean meal (6). 

The evidence presented by Sumner and Sumner (6) and by Tauber (7) 
greatly favors the view that the oxidation of carotene occurs at the expense 
of oxidized fat, and that the oxidation of carotene is not enzymatically 
satalyzed by this system. Accordingly the enzyme is now regarded as a 
lipoxidase. However, fat that has been previously oxidized by the enzyme 
does not spontaneously oxidize carotene added to it thereafter. Thus, as 
stated by Strain (8) and R. J. Sumner (9), not the stable end-product of fat 
oxidation by the enzyme but rather an intermediate or nascent product of 
that process is responsible for the oxidation of carotene. 

Siillmann (10) noted that partial inactivation of the enzyme extracted from 
soy beans could be caused by prolonged dialysis, owing perhaps to the 
removal of an activating substance. He also found that while linoleic and 
linolenic acids used oxygen equivalent to one and two double bonds re- 
spectively, oleic and ricinoleic acids consumed only about a tenth as much 
oxygen as required for one double bond. 

The system leads to the loss of carotene, vitamin A, ascorbic acid, and 
chlorophyll. It also accelerates the initial reactions producing “‘rancidity.”’ 

*Enzyme Research Laboratory Contribution No. 85. This work was done on 
Bankhead-Jones funds. Part of this work is from a thesis submitted to Georgetown 
University by Bernard Axelrod in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 
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Its possible activity should therefore be considered in any effort to handk 


foodstuffs. Fortunately, this enzyme appears to be restricted in its oe- 
currence in the plant world. Potatoes, asparagus, and wheat germ (1] 
contain small amounts; legumes, such as alfalfa, peas, peanuts, and parti- 
cularly soy beans contain a considerable quantity. The enzyme is moreover 
easily destroyed by heat or acid. Commercial soy bean meal, a by-product 
of the preparation of soy bean oil, contains little or no lipoxidase 


In the work presented here, a quick and easy method for the measurement 


of the enzyme has been described, based on the rate at which a carotene 


suspension is bleached. By the application of this method a notable puri 
fication of the enzyme prepared from soy bean meal has been achieved. 

A study of the purified enzyme has led to the finding that crude prepara- 
tions are accompanied by a thermostable substance that increases the 
catalyzed rate of oxidation of fats as well as of carotene and other secondary 
substrates. An approximate method for its estimation has been developed, 
by the aid of which considerable purification of the active substance was 
achieved. The purified material is free of ash and consists largely of one o1 
more peptides, but as the active substance has not vet been crystallized 
these may be merely impurities. 

Chere is some evidence that the action of the accelerating substance is on 
the fat, not on the enzyme. It may not, therefore, strictly speaking, be an 
“activator.”’ However, since this term has so frequently been employed 
for any substance that hastens an enzyme action, it will be used here to refer 
to the accelerating substance in soy beans 

Previous workers (6), using less purified enzyme preparations, found that 
the rate of oxidation as measured by the coupled destruction of carotene 
varied with the fat present in such a way that, for most rapid oxidation, 
there was a sharply defined optimum quantity of fat. It is now apparent 
that this optimum was observed, because for larger doses of fat there was an 
insufficient supply of activator; for when both fat and activator are in- 
creased, the rate of oxidation with a given amount of enzyme becomes 
nearly constant over a considerable range of fat concentrations 

(mong the many inhibitors of lipoxidase action, crystalline purothionin 

13) is specially potent. The inhibition is decreased by increasing the 
amount of fat and in other ways resembles in reverse the action of the ac- 
tivator. Since purothionin appears to inhibit because of surface effects in 
the fat suspension, it is possible that the activator accelerates for similar 
reasons 


Che specificity of the fat oxidase has been dealt with by several workers 


Another method of determining lipoxidase activity based on carotene destruction 
has recently been published by teiser and Fraps 12 The method prest nted here 


is much less cumbersome, since it obviates the necessity of extracting the carotent 


from the reaction mixture 
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8. 10, 14, 15). Opinion is divided as to the susceptibility of oleic acid to 
oxidation In our experiments, pure oleic acid was found not to be oxidized. 
A study of the behavior of exceptionally pure specimens of fats and fatty 
acids showed that out of a considerable number only linoleic, linolenic, and 
arachidonic acids (or esters) were attacked by lipoxidase. These acids were 
the only members of the ‘essential’ fatty acids (16) available to us, and 
they were the only acids found to be oxidized. It is therefore probable that 
the direct action of lipoxidase is limited in nature to the biologically essential 
fatty acids. ; 

This probability leads naturally to the suggestion that the essential fatty 
acids serve as intermediate catalysts in a still undescribed system of tissue 
oxidation. Attempts to find such a cyclic series of reactions have been 
hampered by the artificial conditions under which the enzyme has had to be 
handled, and no good evidence has been found vet to support what appears 
to be a very likely hypothesis. 

Purification of Soy Bean Lipoxidase—500 gm. of finely ground soy bean 
meal (Tokvo variety), which had been freed of fat by exhaustive extraction 
with petroleum ether, were suspended in 10 liters of cold water. The 
suspension was cooled to 7°. Enough m acetic acid was added to adjust the 
pH to 5.1 to 5.2 and the solution was immediately filtered. The total 
filtrate (8300 ml.) was brought to pH 6.8 with m NaOH. Solid ammonium 
sulfate was added to 0.5 saturation. Without delay, m NaOH was added 
until the pH of the suspension was readjusted to 6.8. The precipitate was 
collected by centrifugation and dissolved in 500 ml. of H,O. On standing, 
this solution deposited a partly crystalline sludge which possessed insig- 
nificant enzyme activity and was discarded. Ammonium sulfate was then 
added to 0.3 saturation. The addition was followed by immediate ad- 
justment to pH 6.8. The precipitate was discarded and the supernatant 
liquid made 0.4 saturated. This precipitate was refractionated with am- 
monium sulfate at 0.35 saturation to remove the less soluble portion. The 
combined supernatant liquids were made 0.45 saturated and the highly 
active precipitate so obtained was dissolved in water. The solution was 
dialyzed in cellophane tubing against cold running tap water until the test 
for sulfate was negative. The solution was next treated with a 2 per cent 
neutralized solution of crystalline purothionin hydrochloride (13) until no 
more precipitation occurred. Considerable inactive material was removed 
by this means. The supernatant was then subjected to further fractiona- 
tion with ammonium sulfate. Table I shows the result of these final steps. 
The precipitates obtained at 0.47 and 0.5 saturation were combined and 
served as the source of purified enzyme used in this work. The specific 
activity of this preparation, based on protein N, is 115 times that of a 2.5 
per cent water extract of soy bean meal, 

Assay of Lipoxidase with Carotene As Indicator—Crystalline carotene 








10 per cent a- and 90 per cent 8-carotene) was purified by the method of 
Fraps and Kemmerer (17). <A stock solution in 90 per cent acetone-10 
per cent ethanol was prepared, containing 43 y of carotene and 100 y of 
ethy] linoleate pel ml. 5ml. of the stock solution were run into 52.5 ml ol 


phosphate buffer (50 ml. of H.O and 2.5 ml. of 0.66 m buffer at pH 6.5 


The tip of the pipette should be kept about 5 mm. above the surface ol the 


liquid. Shaking should be avoided. The suspension is stable for 20 to 30 
minutes, and is adversely affected by high room temperature and direet 
sunlight 10 ml. of the carotene-fat suspension were placed in a tub 
suitable for use in the Evelyn colorimete} Che enzyme to be assaved was 


pipetted into a 50 ml. Erlenmeyer flask and sufficient activator, o1 other 
desired material, and water added to give a final volume of 2 ml ihe con- 


tents of the tube were poured into the flask, the two liquids mixed with a 


TABLE [ 
} rification of Soy Bean 1 


. , 
Before treatment with purothionin 1310 368.000 IR() 
After ‘ 170 273 ,000 580 
Ppt. at 0.43 saturation 87 36, 400 120) 
0.45 13.0 21,400 $95 
0.47 76.2 {8 500 635 
0.50 79.6 54.000 6HS0 
0.60 592.7 18.200 45 

] 0 ) 57 } 


* Determined in the presence of an optimum amount of purified activat 


minimum of agitation, and the mixture poured back into the colorimeter 
tube. Colorimeter readings were made at 30, 45. or 60 seconds. The per 
cent of carotene oxidized at anv time mav be found from an appropriate 
calibration curve. 

1 unit of lipoxidase activity is defined as that amount of enzyme that 
bleaches 30 per cent ol the carotene-fat suspension in 30 seconds under the 
conditions described for the assay. The accuracy was greatest when 20 to 
50 per cent of the carotene was destroyed in 30 seconds 

Fig. | relates units directly to galvanomete! readings It represents the 
readings obtained when a purified lipoxidase solution (containing sufficient 
activator) acted on the standard substrate suspension at 30, 45, and 60 


second intervals. 


2 It has since been found that a more stable 





solution is run into water and the buffer added just prior to the enzyme. This is 


our present procedure 
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Measurement of Lipoxidase Action with Leuco Dyes—A number of leuco 
dyes are readily oxidized by the oxidase-fat system and a method for measur- 
ing the activity of the enzyme may be based on the rate of development of 
eolor. Such a scheme allows the use of so much indicator that the observed 
rate of reaction is practically independent of the concentration of indicator. 
This is not the case with the limited amount of carotene that can be used. 
Furthermore, a dye may be selected whose oxidation requires a known 
amount of oxygen. The experimental set-up is therefore more flexible and 
deserves future attention. 

Leuco-o-chlorophenol indophenol was found to be a suitable dye for the 
purpose. The procedure followed that described in the preceding section 
dealing with the oxidation of carotene, except that the solution of fat con- 
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Fic. 1. Photometric determination of lipoxidase activity when carotene-ethy] 


linoleate is used as substrate. 


tained no carotene, and the leuco dye, in aqueous solution, was mixed with 
the diluted phosphate buffer. An Evelyn Filter 635 was used. 

Vethod of Estimating Peroxide Formed in the Fat—The method is es- 
sentially that described by Young, Vogt, and Nieuwland (18) for the 
estimation of organic peroxides, except that the concentration of sulfuric 
acid has been increased. A similar method has recently been recommended 
by Sumner (11) for assaying lipoxidase. 

A substrate was prepared consisting of 50 ml. of water, 2.5 ml. of 0.66 
M phosphate buffer (pH 6.5), and 5 ml. of acetone containing the desired 
liptd. 10 ml. of the substrate were placed in a 50 ml. flask. Another flask 
contained enzyme, activator, and enough water to make a total volume of 2 
ml. The contents of the two flasks were carefully mixed. At desired in- 
tervals, 2 ml. portions of the reaction mixture were transferred to a colorim- 
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eter tube containing 10 ml. of the peroxide reagent, The tubes were 


placed in water at 60° for 2 minutes and then cooled. The color values wer 
read in an Evelyn colorimeter with Filter 540 

A preliminary attempt was made to adapt this method to the assay of 
lipoxidase. Ethyl linoleate, although useful in the carotene method, was 
not satisfactory here. Its relatively low solubility permitted the measure. 
ment of only a very restricted range of enzyme. Linoleic acid, used by 
Sumner, is not open to this objection, but commercial preparations are of too 
use in a standard method 


It does appear, however, that peroxide may be slowly used up as well as 


uncertain composition to warrant thei 


formed during the reaction. In experiments run fora considerable time, the 


peroxide content of the fat was actually observed to decrease when crude 


activator was used (Fig. 4, Curve B Siillmann (19) has shown that car- 
bony] compounds may also be formed from fatty a ids through the action of 
lipoxidase. The peroxide content of the fat cannot therefore be taken as a 
measure of total oxidation 

Pre paration and Estimation of A fivato \ crude pre paration of activatol 


suitable for many purposes was made by rubbing 5 gm. of fat-free soy bean 


meal in a mortar with 100 ml. of water and adding 2 ml. of mM acetic acid 


The Suspension Was heated to 95° for 10 minutes, filtered, and was neu- 


tralized just before ust 
o determine the 


\ convenient means of estimating the activator was 
time required to bleach half of the carotene in the standard assay system 
both in the presence and absence of activator \n amount of purified 
or destroved half thy 


enzyme was chosen which without added activat 


carotene in 40 to 75 seconds. Various quantities of the solution to be tested 
were added to the system until the maximum velocity was observed. The 
potency of various solutions of activator could thereby be compared 
Since the crude preparation just described was found to be quite repro- 
ducible, it was adopted as a temporary standard 

Concentration of Activator—A suspension of 330 gm. of fat-free soy bean 
meal in 2 liters of water was stirred for 30 minutes, then brought to pH 4.2 
with acetic acid, and next heated to boiling for 15 minutes rhe super- 
natant liquid plus the additional solution obtained by squeezing the soy 
bean curd in cheese-cloth was filtered by suction through paper \lercuric 
chloride (4 per cent in HA )) was added to the liquid until precipitation was 


complete. The precipitate was centrifuged out. Seven such precipitates 


were combined and mixed (by shaking with glass beads) with 1 liter of a 
solution of 1 per cent ammonium acetate and | per cent acetic acid in 


oncentrated 


* This reagent consists of 2.5 gm. of ammonium thiocvanate, 5 ml. of « 


nd enough methyl alcohol to 


te 4niu yuk 


sulfuric acid, 50 mg. of ferrous ammonium sulfa 


make a volume of 500 ml 
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water. The precipitate was recovered by filtration, washed again as be- 
fore, and then suspended in 200 ml. of the acetate-acetic acid mixture. 
The suspension was decomposed by H,S, the mercuric sulfide centrifuged 
out, and the liquid freed of HS by a current of air. Caprylic alcohol re- 
duced foaming. Half its volume of absolute alcohol was added to this 
liquid, and the precipitate removed by centrifuging. The precipitate was 
washed with about its own volume of 33 volumes per cent alcohol, the 
washing being added to the previous supernatant liquid. The combined 
liquids were then made to 50 volumes per cent of alcohol by the addition of 
absolute alcohol. The precipitate so produced was washed with twice its 
volume of 50 per cent alcohol and the washings added to the supernatant 
liquid obtained in the previous operation. This liquid fraction contained 
most of the activator. It was precipitated by raising the alcohol concen- 
tration to 90 per cent, centrifuged out, washed twice with 90 per cent al- 
cohol, and dried in a vacuum over P,Os. The yield was 3.53 gm. of a 
slightly vellow material. 

Character of Activator—Extracts capable of increasing the activity of 
purified lipoxidase were obtained from many natural sources. Among these 
were barley malt, rice polishings, several legumes and other vegetables, 
yeast, rabbit heart muscle, beef muscle, and milk. None of these extracts 
showed evidence of containing lipoxidase. Efforts to find a known organic 
substance with this activating effect were unsuccessful. Many of the 
amino acids, isolated members of the vitamin B complex, uracil, xanthine, 
adenine, and the common inorganic ions except phosphate were all without 
action 

Although phosphate buffer by itself has little effect, its presence very 
markedly reduces the amount of concentrated activator needed for optimum 
reaction velocity. Citrate also spares activator, but not so markedly as 
phosphate. 

The concentrated material obtained as described from soy bean meal 
consisted largely of peptides. It contained 16.2 per cent N and 0.068 per 
cent P. Positive tests were obtained with ninhydrin, Sakaguchi’s reagent 
for arginine, Millon’s reagent, biuret reagent (rose color), and nitro- 
prusside (after NaCN). Further evidence of a protein-like nature is shown 
by inactivation through digestion with papain. 

Ultraviolet absorption was observed at 270 to 285 my, the tyrosine and 
tryptophane region, but there was no indication of purine absorption. The 
Molisch test and the thiochrome reaction were negative. The material 
contained less than 0.05 per cent of iron and less than 0.01 per cent of 
manganese. It had no influence on the rate of oxidation of pyrogallol by 
highly purified horseradish peroxidase and hydrogen peroxide. 

The soy bean activator accelerated oxidation of all the oxidizable fats 
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tested, provided, however, that it was added either to the enzyme or to the 
fat suspension before the addition of the enzyme. ‘The effect was observed 
by the rate at which an indicator like carotene or a leucoindophe nol was 
oxidized, and also by measurement of the peroxide content of the fat itself, 
The enzyme protein had a very slight activity alone, owing possibly to in- 
complete removal of the activator during purification. When the enzyme 
was heated with acid, as described in the preparation of crude activator 


from soy bean meal, the resulting solution had no measurable activating 
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Fie. 2. The first order nature of the coupled oxidation of carotene in the presence, 
but not in the absence, of the activator. Curves A, B, and C represent 30, 45, and 60 


second reaction times respectively, in the presence of activator. Curves A’, B’, 


and C’ represent corresponding results in the absence of activator. a initial 
carotene concentration, zx carotene destroy: d 
Fic. 3. The upper curve represents peroxide formation when various amounts of 


linoleic acid are used in the presence of the corresponding optimum amounts of aec- 
tivator; the lower curve, peroxide formation when a fixed amount of activator (opti- 
mum for 1 mg. of fat) is used with various amounts of fat Reaction time, 2 minutes. 


6 units of lipoxidase were used 


erect, thus indicating that the amount of activator present in purified 
enzyme is probably small. 

The presence of activator appears to change the kinetics of the oxidation 
of carotene, as shown in Fig. 2. The activated reaction is monomolecular 
and the velocity constant is directly proportional to the concentration of 
enzyme. This is not the case when purified enzyme is used without added 
activator The complexity of the reaction, however, allows many ex 
planations of these data. 


| he amount ot activator need d to produce maximum peroxide formation 
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in a given time depends upon the quantity of fat present. If activator and 
enzyme are both held constant, the maximum peroxide formation occurs in 
the presence OF a definite quantity of fat. Either increase or decrease in the 
amount oO! fat results in a decrease in the peroxide formed. The existence of 
an optimum in the fat concentration, as determined by the rate of carotene 
destruction, has been reported by other workers (6) who by using a constant 
quantity ot crude enzyme also used a constant quantity ot activator along 
with it. However, when the activator was increased together with the fat, 
the rate ol oxidation increased with substrate concentration until the ‘‘zero 
order’”’ reaction stage was reached (as is usual in enzyme actions), and the 
“fat concentration optimum” became at least very broad. Crude activator 


was used in these experiments (Fig. 3 


TaB_e II 
Activator (Crude Filtrate) Required for Maximum Peroxide Formation* with Various 


Concentrations of Linoleic Acid 


Experiment Linoleic acid Enzyme Activator 
meg. unils mi 
A 0.2 6.0 0.2 
1.0 6.0 1.0 
2.0 6.0 1.5 
3.0 6.0 1.9 
5.0 6.0 2.5 
10.0 6.0 4.0 
B 1.0 0.75 1.0 
1.0 1.5 0.! 
1.0 3.0 0.8 
1.0 6.0 0.8 


* Reaction time, 2 minutes. 


The dose of activator may therefore be increased to compensate for an 
increase in fat. Large doses of activator are apparently inhibitory, giving 
in effect a broad optimum of activator concentration. The smallest amount 
of activator required to produce the maximum peroxide formation at a 
given time may therefore be roughly determined. This relationship is 
shown in Table II. Furthermore, it is shown that this amount is independ- 
ent of the amount of enzyme present, within experimental limits. 

The “activating” effect of the filtrate from boiled suspensions of soy bean 
meal is quite different from that of the purified preparation made therefrom. 
The purified material is about 10 times as effective as the crude (on a dry 
weight basis) when used in the usual carotene-ethy!] linoleate system; that is, 
in the presence of a cosubstrate and a small amount of fat. If, however, fat 
is the only substrate present, and the progress of oxidation is measured by 
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the production ol peroxide, the action appears to be very compl x, as shown 
in Fig. 4. Peroxide formation is faster with crude than with purified ma- 
terial (Curves B’ and C’), but in the former case there is evidence of sub- 
sequent peroxide destruction. After the first few minutes the total per- 
oxide present remains nearly constant, while with the purified material 
total peroxide continues to increase for a long time, and eventually reaches 


much higher values. 
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Fia. 4 Comparative effect of optimum amounts of crude and 


upon the accumulation of peroxide in the lipoxidase reaction. The uppe1 
curves was obtained with 15 units of lipoxidase per 


activator; Curvy 3’ 1.5 ml. of crude activator; Curve ¢ 0.5 mg. of purifed acti- 
vator The lower set of curves Was obt Lined witl 


etivator; Curve 


mination: Curve A, no: 


mg. of purihes 


ictivator 2 mg. or < 
determination 

It therefore seems probable that the “activating” effect of the crude fil- 
trate is due in part to a factor removed during purification. ‘This factor 
mav involve a mechanism whereby the enzyme itself is destroyed when its 
activity becomes very great (in which case the purified material is merely & 
“protector’’), or 1t may induce a secondary reaction leading to the rapid 


to ae cide this que st on, and 


disposal of the peroxide formed. It is possible 
further study is planned. 
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from wheat flour (13), inhibits oxidation under conditions curiously like 
those under which the activator accelerates the reaction For example, the 
protamine was found to be very inhibitory when about 1 part per million 
was added to the substrate used for the regular assay. If, however, the 
protamine was added first to the enzyme plus crude activator, practically 
no inhibitory effect was observed (Table III). The presence of salts was 
also necessary for inhibition to take place. Thus, when active enzyme was 
ulded to fat and purothionin in water, oxidation occurred. The subse 
quent addition of phosphate buffer made no difference. But if the salt was 


ulded to the system before the enzyme, oxidation was prevented (Table IV). 


TABLE III 


Ini 1o7tio7 of Carole ne Ur dation OY Purothionin 


I ent carotene 

yed i ra 
Enzyme + substrate 68 
Enzyme + 10 y purothionin) + substrate 66 
Enzyme + (substrate + 10 y purothionin 5 


TABLE IV 


Effect of Salt on Inhibition of Carotene Oxidation by Purothionin 


Per cent carotene 


° bleached in 60 sec 
0 PO, buffer (0.5 ml 72 
10 ‘ ‘ 05 “) { 
10 ‘ (0.5 “ ) added after enzyme 65 
10 73 
200 38 
200 NaCl (75 mg. 0 
200 NaCN (13 “ ) 0 


\ further illustration of the extent to which surface effects appear to be 
involved in the lipoxidase system is shown by the dependence of puro 
thionin inhibition upon the amount of fat present. Just as more fat re- 
quires more activator for its oxidation, so more protamine is required to 
inhibit that oxidation (Table V). The action of the purothionin is to 
block the initial fat oxidation, as is shown by determination of the peroxide 
formed. 

Specificity of Liporxidase The oxidation ot pure fats by the purified en- 
zyme was found to be highly specific. As shown in Table VI, oxidation was 


confined to acids having more than one double bond, but did not oecur with 
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ill of these Licanic acid was not oxidized, although it contains three, It 
is noteworthy that the only acids found to be oxidized belong to the group of 
essential’ fatty acids 16) and that oxidation did occu! with each ol the 


three m« mbers of this group we were able to test 


TABLE \ 
t 
' 
is s] 79 s4 
0 6 17 
{) 1 2 10) 1) 
raBLe VI 
Oxidation of Unsaturated Fatty Acids and Este i Soy Bean Lipoxidase’* 
c , Perox me 
Fe 
te 
Methyl! oleate 5 0 
Oleic acid 8 0 
Erucic ) 0 
Hexadecenoic acid 8 0 
Ethy! linoleatet 2 4.2 
Linoleic acid (pure 2 10.3 
commercial , 8.0 
Linolenic ‘‘ ft 2 6.5 
Methyl! arachidonate§$ 2 15.3 
esters of menhaden oil 2 14.4 
*3 units of lipoxidase were used 
t Prepared from tetrabromostearic acid (20 
t The initial peroxide value of this quantity of fat was high, approximately 


19.9 X 10-4 milliequivalent of Fe 
§ From the preparation described by Mowry, Brode, and Brown (21) 
lodine No. 330 


\ttempts to find a system in which the fat acts as an intermediary carrier 
of oxidation have till now been unsuccessful. As an illustration of this, the 
amount of leuco-o-chlorophenol indophenol oxidized was found to vary with 
the amount of fat (Table VII). After 60 seconds the reaction with lipoxi- 
dase was complete or nearly so, and purified peroxidase (devoid of lip- 
oxidase activity) was added. More of the leuco dye was oxidized thereafter, 
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but the total amount of dye oxidized depended upon the amount of fat 
present, thus showing no evidence of a cyclic system 

Discussion of Vode of Action of System The inhibitory effect of fat sus- 
pensions in the absence of activator leads to the supposition that fat and 
enzyme combine, and that such a combination is inactive. This supposition 
would explain why the activator is not effective when added to the system 
after the enzvm«¢ The activator may therefore act as a protective agent for 
the enzyme, perhaps against the fat peroxide (or its more active precursor), 
or possibly against surface denaturation of the enzyme protein on the fat 
particles. Evidence that acceleration may be brought about in the latter 
manner rests on the observation that the presence of activator protects 
solutions of purified enzyme in water against destruction by shaking. 
Further evidence is found in Fig. 4. On the other hand, the crude soy bean 

rasie VII 


Coupled Oxidation of Leuco-o-chlorophenol Indophenol by Lipoxidase and Peroxidasé 
thro igh Linoleic Acid 


Dye ox ed 
I i Lipoxidase and peroxidase 
I l y ; t 
In 120 At end-point 
me : 
100 l feaction complete 7.5 +t] 
200 2.5 3 - 11 20 
300 7.8 not complete) 34 10) 


* Each colorimeter tube contained 1.33 mg. of leuco dye, linoleic acid, about 30 
units of lipoxidase, and 1.58 X 10~? unit (22) of purified horseradish peroxidase in a 
volume of 13 ml. of 0.01 m phosphate, pH 6.5. 


filtrate contains some factor that definitely accelerates one or more of the 
reactions occurring in this system. 

It seems unlikely that activator and enzyme form a complex which is 
stable when joined to the fat, for in that case a quantity of enzyme fully 
activated for one amount of fat should produce no less effect on a greater 
amount. It is pertinent to this question, however, to remember that the 
only fats attacked contain two double bonds with an intervening saturated 
carbon atom.‘ It is conceivable that the two necessary double bonds must 
be so spaced that both exist at the fat-water interface. In such a case the 
old two anchorage theory of von Euler and Josephson (23) might apply; at 
one double bond the enzyme is attached, at the other, the activator. Since 

‘A previous view (14, 15) that one double bond (the 9-10 bond, cis configuration) 


in a fatty acid is sufficient to define an oxidizable substrate must be abandoned, for 
oleic acid is not oxidized. 
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leic acid and similar substances are definitely inhibitory, this may designate 
the site of enzyme attachment. 

On the other hand, the question of specificity may be linked simply with 
the oxidizability of the substrate. It is well known, for instance, that 
linoleic and linolenic acids are far more susceptible to non-enzymatically 
catalyzed autoxidation than oleic acid (24, 25). 

It is probable that the action of lipoxidase is confined to the “essential” 
fatty acids. If this is the case, it is also probable (but quite unproved) that 
the réle of such acids in animal metabolism is one of intermediate catalysis 


in some form of tissue oxidation. 


The work on the specificity of lipoxidase required the use of very pure 
specimens of fatty acids or their esters. It is a pleasure to thank Dr. W. 
G. Rose and Mr. C. E. Swift of this Bureau for the specimens of licanic 
acid and methyl oleate used in this work and for tetrabromostearic acid 
which was used in the preparation of ethyl linoleate. The other fatty acids 
and esters used were furnished by Dr. J. B. Brown of The Ohio State Uni- 
versity to whom we are very grateful. Our thanks are also due to Mr, 
M. K. Walden of this Laboratory for his valuable assistance throughout 
the work. 
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THE PREPARATION OF DEUTERIO CHOLESTEROL* 


By KONRAD BLOCH anp D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, June 14, 1943) 


The study of chemical transformations in the living cell with the aid of 
the isotope technique requires the preparation of deuterio compounds which 
contain deuterium atoms linked to carbon atoms. The carbon-deuterium 
linkages must be stable in the sense that the deuterium atoms will not be 
replaced by hydrogen atoms on solution in water. In the case of simple 
organic compounds, standard synthetic procedures will often give the 
desired compound. The conversion of oleic acid into 9,10-dideuterio 
stearic acid by the catalytic reduction with deuterium is a simple matter; 
the preparation of C,;D;;COOH would obviously be more difficult, as no 
appropriate hydrogen-free starting substance is available. Its total syn- 
thesis from carbon and deuterium, though conceivable, is certainly not 
practicable. These considerations apply with even greater force to com- 
plicated natural products, such as the sterols. 

Experiments with heavy hydrogen have revealed a new type of chemical 
reaction, the exchange reaction, which can be utilized for the preparation 
of deuterio compounds. The general exchange reaction may be written, 


AH + DY =—AD+ HY 


In the water system where Y is either OH or OD, the rate of reaction will 
depend on the nature of the linkage between A and H. If the hydrogen 
atom is attached to a paraffinic carbon not adjacent to carbonyl groups, 
the reaction rate is negligibly small. Cholesterol and fatty acids do not 
exchange even at elevated temperatures (1), but in the case of fatty acids 
this reaction may be catalyzed by active platinum (2). 

When platinum is used as the catalyst, the organic compound is sus- 
pended or dissolved in heavy water and heated at as high a temperature 
as is consistent with its stability. Deuterium of the heavy water exchanges 
with the hydrogen of the organic compound. The reaction, of which the 
detailed mechanism is not known, proceeds well with hydrocarbons (3) 
and aliphatic acids (2) though not with alcohols (4). 

During the study of the metabolism of cholesterol the need arose for 
deuterio cholesterol. The only obvious approach to its preparation was 

* This work was carried out with the aid of a grant from the Josiah Macy, Jr., 


Foundation. 
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an exchange reaction with natural cholesterol. Many attempts in this 
direction were unsuccessful. When suspensions of cholesterol in heavy 
water were heated in the presence of active platinum, no exchange took 
place, even at 200°. Increasing the solubility of cholesterol in the medium 
by addition of alcohol was without effect. In other experiments, selenium 
was tested as a catalyst for the reaction. At temperatures below the point 
at which cholesterol is rapidly dehydrogenated by selenium, a slow exchange 
was observed. 

Greater success was encountered with mixtures of water and acetic acid 
in which the platinum-catalyzed exchange reactions were found to proceed 
at a rate sufficient to give the desired deuterio cholesterol in practical yields. 
Degradation of this cholesterol (5) indicates that deuterium has been intro- 
duced into both the ring structure and the side chain. No exchanges 


TABLE I 
Selenium-Catalyzed Exchange Reaction 


Temper- | Time of Deuterium in 





ante Cholesterol | Selenium Water ature experiment cholesterol 
om cm. | ml. i iM "c | hrs Tomes cqunaall 
1 18 |; 0.2 1.0 98 110 72 0.22 0.1 
‘ 2 1.0 0.2 0.3 99 230 4 1.7 0.8 
t 3t 5.0 5.0 100 4 220 2 0.05 0.6 
4— | 20 | 0.5 | 2% 4 125 96 0.00 0.0 
1 per cent D in cholesterol 
: | * Atom equivalents = —— — x 46. 
| per cent D in water 
| + 10 ml. of ethyl alcohol were added to increase the solubility of cholesterol. 


t 25 ml. of ethyl aleohol were added to increase the solubility of cholesterol. 


occurred with cholesteryl] chloride and i-cholestery! methy! ether in heavy 
; water in the presence of active platinum. 





t EXPERIMENTAL 
§ 

Selenium Catalysis—Several exchange reactions were carried out in the 
presence of selenium, which is known to dehydrogenate cholesterol at 320°. 
It was thought possible that at lower temperatures the hydrogen atoms of 
the cholesterol would be sufficiently activated to permit exchange with 


the water. The results of these experiments are shown in Table I. In the 





eighth column are given the deuterium concentrations of the isolated 
: cholesterol samples. In the last column is calculated the number of hydro- 
4 gen atoms of the cholesterol which have exchanged on the assumption 
; that the partition coefficient of the deuterium between cholesterol and 
; water is 1. In Experiments 3 and 4 alcohol was added to increase the 
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solubility of cholesterol in the medium. In Experiments 2 and 3 there was 
a small exchange, but the reaction was obviously very slow. In Experi- 
ment 2 the volume of water employed was so small that at 230° it was 
all present as vapor. 

The experimental data of the exchange reaction in acetic acid-water 
mixtures are given in Table II. The procedure employed in the isolation 
of cholesterol from such reaction mixtures will be illustrated by one repre- 
sentative experiment (No. 5, Table II). 1.25 gm. of platinum oxide sus- 
pended in a mixture of 40 ml. of deuterio acetic acid (containing 60 atom 


TaBLe Il 
Platinum-Catalyzed Exchange Reaction of Cholesterol with Deuterium Oxide in 
Acetic Acid 





| Sterols 








} } 
. | Acetic | : 
Experi- | id T . , Platinum Di D —_ pptd. from | ¢4) " 
ment | concen. | ature’ | Time | Pergm. | rater | “cholesterol” | reaction. | foisted” 
tration | | digitonides | 
Ses | ea ES Se LN ke catia 
a A ae atom pr [atom por] ci | | 
or | v ‘4 5 
| Cc. | days um | ed | cent tar per cent | per cent 
l 100 | 127 | 2 | 0.15 | 17f | 0.38 | 1.0 68 37 
2 70 | 127 | 2 | 0.15 | 30 0.86 | 1.3 58 25 
3 70 | 127 | 2 | 0.18 | 30 | «0.88 | 1.3 60 22 
4 so | 17 | 2 | 0.2 | 0 |190/ 28] 28 | & 
5 70 | 127 | 3 | 0.10 | 100 | 4.16 | 1.9 45 
6 70 | 127 | 4 | 0.30 | 88 | 5.70| 3.0 | 12 
7 70 | 127 | 6 | 0.15 6.75 | 0.29 | 2.0 3 | 1b 
8 70 | 127 | 6 | 0.30 | 6.75 | 0.38 | 2.6 20 | 12 
9 70 | 100 | 6 0.15 | 6.75) 0.07 | 0.5 70 | 8 








* Except in Experiments 1 and 5, normal acetic acid was used for the exchange 


reaction. 
per cent D in cholesterol 


per cent D in water 
t Atom per cent D in carbon-bound hydrogen of deuterio acetic acid. 


x 46. 





t Atom equivalents = 


per cent D) and 13 ml. of 99 per cent D.O were reduced with ordinary 
hydrogen; the excess hydrogen was replaced by nitrogen and 12.5 gm. of 
cholesterol were added to the mixture. The reaction flask was evacuated, 
sealed, and shaken for 3 days in an oven at 127°. The solvent was distilled 
off in vacuo; the residue, which contained appreciable amounts of choles- 
teryl acetate, was taken up in ether, filtered, evaporated, and treated with 
400 ml. of 95 per cent ethanol containing 8 gm. of potassium hydroxide 
for 4 days at room temperature. The alcoholic solution was chilled, the 
crystals were filtered off, and a second crop was obtained by concentrating 
the filtrate. A third crop was secured from the mother liquor by dilution 
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with water and extraction with ether. The combined crude sterol frae- 
tions (7.5 gm.), after several recrystallizations from acetone, yielded 
4.9 gm. of cholesterol, m.p. 148° corrected, [a]?= —39° (2 per cent in 
chloroform). 

From the combined mother liquors more sterol was precipitated by digi- 
tonin, regenerated, and purified via the dibromide. The resulting 0.6 gm. 
of cholesterol, m.p. 147.5° corrected, brought the total yield to 5.5 gm. or 
44 per cent. The deuterium concentration was 4.16 atom per cent excess. 
The effects of changes in temperature, time, acetic acid concentration, and 
amount of active catalyst are given in Table IJ. In Experiments 4 and 6 
acetate was isolated as silver deuterio acetate, the samples of which con- 
tained 6.9 and 9.9 atom per cent deuterium, respectively. 

To ascertain the relative distribution of deuterium in the molecule, the 
deuterio cholesterol of Experiment 5 was converted to cholesteryl chloride 
and subjected to thermal degradation as described previously (5). The 
hydrogen in the resulting mixture of isooctane and isooctene showed a 
higher level of deuterium than that of the hydrocarbon C,,H30, although 
more isotope was actually present in an equimolecular quantity of the 
latter. 


0.887 atom D 
1.098 atoms “ 


CsHis. 4.98% D, 18 X 0.0493 
CisHso. 3.66% “ 30 X 0.0366 


The deuterium content of a compound made up of the fragments of CsH)s 
and C,9H30, as calculated from their isotope content, would be 4.14 per cent. 
This theoretical value agrees closely with that observed for the deuterio 


cholesterol. 
DISCUSSION 


The resistance of cholesterol to exchange reactions cannot be due to the 
inhibiting action of the alcohol group, since cholesteryl chloride and 7-cho- 
lesteryl methy! ether, neither of which contains a hydroxyl group, do not 
undergo the exchange reaction.' Nor is it a general property of all ste- 
roids.2. Mutual solubility of reactants is not necessary for an exchange 
reaction. For example, Horrex and Polanyi have shown that the water- 
cyclohexane exchange is readily catalyzed by platinum (3). However, the 
addition of acetic acid to the water-cholesterol-platinum system accelerates 
the exchange reaction. Simultaneously it leads to a marked destruction 
of the cholesterol molecule. Comparison of Experiments 1, 2, 3, and 4 


1 Unpublished experiments. 
* When 0.9 gm. of desoxycholic acid, 6 cc. of water containing 6.75 atom per cent 


excess D, and 0.5 gm. of active platinum were shaken for 5 days at 112°, there was 
introduced into the acid 0.43 atom per cent. excess deuterium. 
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illustrates the effect of varying acetic acid concentration. As the concen- 
tration of acetic acid is lowered, the number of deuterium atoms introduced 
rises from 1 in 100 per cent acetic acid to 1.3 in 70 per cent acetic acid, to 
2.8 in 50 per cent acetic acid. At the same time the\yield of digitonin- 
precipitable sterols, as well as of cholesterol itself, drops sharply as the 
acetic acid concentration is lowered. The decomposition proceeds so far 
that in 50 per cent acetic acid-water mixture only 5 per cent of the choleste- 
rol could be recovered. It appears from all the experiments that the rate 
of introduction of deuterium into the cholesterol is roughly parallel to the 
extent of decomposition. This rate can be affected by change of tempera- 
ture (see Experiments 7 and 9), acetic acid concentration (see Experiments 
1, 2, 3, and 4), and amount of platinum (see Experiments 7 and 8). Pos- 
sibly the two processes have some common steps; activation of the choleste- 
rol molecule sufficient to allow exchange must be of such a nature as to make 
it possible for irreversible chemical reactions to occur.’ 


SUMMARY 


1. Treatment of cholesterol with heavy water and selenium leads to a 
slow introduction of deuterium into the molecule. 

2. Platinum is unable to catalyze the exchange between cholesterol and 
water alone, but the addition of acetic acid to the water-cholesterol- 
platinum system results in an exchange reaction. 

3. Deuterium is introduced by this reaction into both the side chain and 
the ring system of cholesterol. 

4. Simultaneously with the exchange a destruction of cholesterol occurs. 
The destruction seems to run parallel to the amount of deuterium introduced 
into the remaining cholesterol. 
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* The chemical nature of the products formed during the treatment of cholesterol 
in acetic acid solutions with active platinum is under investigation. 
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THE BIOLOGICAL CONVERSION OF CHOLESTEROL TO 
CHOLIC ACID* 


By KONRAD BLOCH, BENJAMIN N. BERG, anno D. RITTENBERG 


(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York) 


(Received for publication, June 14, 1943) 


It has recently been demonstrated (1) that acetate is utilized for the 
in vivo synthesis of cholesterol, but the mechanism by which steroids are 
formed by animal tissues is unknown. No evidence is available as to 
whether bile acids and steroid hormones arise independently by a similar 
condensation of small molecules or whether they are products of cholesterol 
metabolism. 

Of the three types of cyclopentenophenanthrene derivatives, cholesterol 
is the most abundant in the animal organism and, in contrast to bile acids 
and hormones, is found in all tissues and body fluids. Cholesterol is con- 
tinuously being synthesized from small molecules and the total amount of 
sterol in the animal body appears to remain rather constant under normal 
dietary conditions. Data on the rate of bile acid production in the intact 
animal are not available, as accurate determinations of the relative propor- 
tions which are reabsorbed or excreted in the feces are not feasible. The 
balance type of experiments could, therefore, hardly be expected to provide 
an answer as to the biological relationship between sterols and bile acids. 
Attempts to correlate cholesterol supply and bile acid production in ani- 
mals with fistulas have been unsuccessful (2, 3) and experiments of this type 
have never been carried out with intact animals. 

It was thought that cholesterol labeled with deuterium should be of aid 
in throwing light on the relationship between cholesterol and bile acids; 
appearance of deuterio cholic acid after its administration would constitute 
clear evidence of direct conversion. This substance, prepared by the 
method described in the foregoing article (4), was administered to a dog 
previously cholecystonephrostomized by the procedure of Kapsinow (5). 
Since sterol absorption after oral administration was uncertain under the 
experimental conditions, the deuterio cholesterol was given by intravenous 
infusion. 

Cholic acid isolated from urine collected during the experimental period 
was analyzed for deuterium. After careful purification, the absence of 
deuterio cholesterol as a contaminant was demonstrated by the “washing 


* This work was carried out with the aid of a grant from the Josiah Macy, Jr., 
Foundation. 
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512 CHOLESTEROL CONVERSION TO CHOLIC ACID 
out” procedure (6), with ordinary cholesterol. It is evident from the data 
in Table I that bile acid had been formed from cholesterol. 

3 days after the last administration of deuterio cholesterol, the dog was 
exsanguinated and cholesterol was isolated from the blood and various 


TABLE I 
Atom Per Cent Excess Deuterium in Cholic Acid and Bile Cholesterol after Intravenous 
Injection of Deuterio Cholesterol (4.16 Atom Per Cent Excess Deuterium) 


Sample No. Days after ist injection Cholic acid Bile cholesterol 
I 1,2 0.17 0.13 
II 4 0.24 0.50 
III 5, 6 0.16 0.29 
TABLE II 


Atom Per Cent Excess Deuterium in Tissue Cholesterol after Intravenous Injection of 
Deuterio Cholesterol (4.16 Atom Per Cent Excess Deuterium) 


Organ Ds excess Organ De excess 

Red blood cells 0.31 Pancreas 0.25 
Plasma 0.33 Adrenals 0.30 
Liver 0.71 Omentum 0.20 
Kidney 0.31 Testis 0.15 
Lungs 2.00 Brain 0.00 
Heart 0.39 Spinal cord 0.00 
Spleen 0.46 


TaBe III 
Atom Per Cent Excess Deuterium in Fecal Sterols Excreted after Intravenous Injection 


of Deuterio Cholesterol 


Days after Ist injection Excess Ds in fecal sterol 


l 0.00 
2 0.04 
{ 0.13 
6 0.17 


organs. The isotope concentrations found in these samples of cholesterol 


are given in Table II. 

The feces were collected during the experimental period. 
were isolated from 24 hour specimens. The isotope concentrations found 
in these samples are given in Table ITI. 


Total sterols 
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EXPERIMENTAL 


In a male adult dog weighing 10 kilos an anastomosis of the gallbladder 
to the pelvis of the right kidney was established and the common duct 
doubly ligated and divided. The dog was kept on a diet of raw beef. 
2 weeks following the operation, the animal received daily by intravenous 
infusion an emulsion of 1 gm. of deuterio cholesterol containing 4.16 per 
cent D, for 3 consecutive days. The ring system of this cholesterol con- 
tained 3.66 atom per cent excess D and the side chain 4.93 atom per cent 
excess D (4). 1 gm. of sterol and 1 gm. of lecithin were suspended in 
100 ml. of 0.05 m phosphate buffer, pH 7.3, and emulsified with the aid of 
a Waring blendor. Homogeneous, filtrable emulsions were thus obtained. 
100 ml. of emulsion were administered by infusion into the femoral vein 
in the course of 30 minutes. The dog was placed in a metabolism cage and 
kept for 3 days following the last injection, when it was killed. Urine 
and feces were collected during the experimental period. 

Isolation of Cholic Acid—Urines of 48 hour periods were pooled, acidified 
with dilute sulfuric acid, and extracted continuously with ether for 24 hours. 
The ether extracts were brought to dryness and the residue was saponified 
by being heated in 20 per cent aqueous NaOH solution for 24 hours on the 
steam bath. After exhaustive extraction with ether to remove unsaponi- 
fiable material, the alkaline solution was acidified and the mixture of bile 
acids and fatty acids was taken up in ether. The ether was distilled off, 
the residue was dissolved in dilute ammonia, and saturated barium hy- 
droxide solution added until no more precipitation occurred. The barium 
salts of desoxycholic acid and fatty acids were removed by filtration, and 
the cholic acid was extracted with ether from the acidified filtrate. The 
ethereal solution was dried and concentrated, when cholic acid crystallized 
out. In order to eliminate any possible contamination with deuterio 
cholesterol, the cholic acid was redissolved in ether and twice the weight of 
ordinary non-isotopic cholesterol was added. The ether solution was then 
extracted with dilute sodium carbonate and the alkaline solution acidified. 
The precipitated cholic acid was taken up in ether, and the ether solution 
was dried and brought to a small volume. Cholic acid crystallized from 
the solution. 

Of the three cholic acid samples isolated from the dog urine, Samples I 
and III were treated in this manner, whereas Sample II was not “washed 
out.” 

The analytical data for the cholic acid samples were: 

Sample I—C 70.5, H 9.5, m.p. 198° 

Sample II—M.p. 190° 


Sample I1I—C 71.0, H 9.6, m.p. 199° 
Caleulated. C 70.6, H 9.8 
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The deuterium concentrations found in the cholic acids are listed in 
Table I. 

Isolation of Cholesterol from Urine—The ether extracts obtained from 
the alkaline hydrolysate of the initial urine extracts were brought to dry- 
ness, taken up in alcohol, and precipitated with digitonin. Sterol Samples 
I, II, and III were extracted from the same runs as cholic acid Samples 
I, II, II]. Total amounts isolated from urine were, Sample I, 37 mg. of 
sterol; Sample II, 15 mg. of sterol; Sample III, 42 mg. of sterol. These 
samples are referred to as bile cholesterol and their deuterium concentra- 
tions are given in Table I. 

Tsolation of Fecal Sterols—The feces collected during a 24 hour period 
were dehydrated by two acetone extractions and then extracted with ether 
continuously for 24 hours. The ether and acetone extracts were saponified 
with 10 per cent aleoholic KOH and an aliquot of the unsaponifiable mate- 
rial precipitated with digitonin. For deuterium analysis the sterol digito- 
nides were burnt. The isotope concentrations of the sterols were calculated 
from that of the sterol digitonides and are given in Table ITI. 

Cholesterol from Tissue Constituents—The tissues were saponified with 
10 per cent potassium hydroxide in ethanol and cholesterol obtained from 
the unsaponifiable fraction in the usual fashion. Cholesterol was isolated 
either as the digitonide or, when sufficient material was available, recrys- 
tallized as the free compound until the melting point reached 147°. The 
isotope analyses of the cholesterol samples are given in Table IT. 

DISCUSSION 

The concentrations of deuterium present in all three samples of isolated 
bile acid are significant and of the same order of magnitude as those of blood 
and “bile” cholesterol.! Specifically, the cholic acid excreted during the 
last 48 hours before the killing of the animal contained one-half as much 
deuterium as the cholesterol excreted simultaneously and also one-half 
as much as the blood cholesterol immediately before the death of the dog. 
In contrast, the liver sterol contained 4 times as much isotope as this par- 
ticular sample of cholic acid. 

A conversion of cholesterol to cholic acid would necessitate shortening of 
the sterol side chain by 3 carbon atoms, introduction of hydroxyl groups at 
carbon atoms 7 and 12, saturation of the A** double bond, and epimeriza- 
tion of the hydroxyl group at carbon atom 3. 

Assuming that in the administered deuterio cholesterol all the hydrogen 
atoms of the isooctyl side chain have the same average isotope concentra- 
tion, 7.e. 4.93 per cent, and that all carbon-bound hydrogen in the nucleus 


1 Since the quantities of urinary sterol excreted by normal animals are insignifi- 
cant, the sterol appearing in the urine under our experimental conditions may be 
assumed to be of biliary origin. It is therefore referred to as bile cholesterol. 














- —S lr 











BLOCH, BERG, AND RITTENBERG +815 


contained an average of 3.66 per cent deuterium (4), it will be possible to 
calculate the isotope concentration of cholic acid if formed from cholesterol. 
This value will obviously depend on the chemical reactions taking place 
in the transformation, but in any case the cholic acid will of necessity con- 
tain less deuterium than the cholesterol from which it is formed. A mini- 
mum of 5, and possibly 6, normal hydrogen atoms will be introduced into 
the nucleus in the course of the following reactions. (1) Oxygen atoms, 
with normal hydrogen, are introduced at positions 7, 12, and 24 respec- 
tively, 7.e. 3 normal H atoms. (2) Saturation of the A** double bond in 
cholesterol involves uptake of 2 normal hydrogen atoms. (3) If the 
epimerization of the hydroxyl group at carbon atom 3 were to involve the 
intermediary formation of a 3-keto compound, at least 1 isotopic hydrogen 
atom would be replaced by a normal one. On the other hand, epimeriza- 
tion may be the result of a Walden inversion which could occur without 
loss of deuterium. A cholic acid formed as the result of these reactions 
could retain 8 of the hydrogen atoms (with 4.93 atom per cent D) originally 
present in the cholesterol side chain and 27 hydrogen atoms of the original 
nucleus containing 3.66 atom per cent De, while at least 5 hydrogen atoms 
were derived from the normal hydrogen of the organism. Its deuterium 
content will then be at most 83 per cent of that of the cholesterol from 
which it was formed. Thus the cholic acid excreted during the last 48 
hours of the experiment could not have contained more than 0.24 per cent 
D if derived from the circulating cholesterol (i.e. that of plasma, red cells, 
and bile) and not more than 0.59 per cent D if the liver cholesterol had 
served as the immediate precursor. The cholic acid actually contained 
0.16 per cent D, 7.e. respectively about two-thirds and one-quarter of 
these values. These values* were arrived at by correcting only for those 
isotopic hydrogen atoms which must have been lost by reactions (1) and 
(2) (above). Additional loss of deuterium could be visualized if the intro- 
duction of hydroxy] groups at carbon atoms 7 and 12 involved either desatu- 
ration and subsequent hydrogenation or intermediary formation of 7,12- 
keto compounds as precursors of cholic acid. 

Cholesterol had evidently been deposited in the liver, since at the end of 
the experiment, 3 days after the last administration of deuterio cholesterol, 
the liver sterol still contained more than twice as much isotope as the 
circulating cholesterol. Thus the replacement of cholesterol present in the 
liver by newly formed cholesterol proceeds at a slow rate, indicating a low 
metabolic activity of the sterol deposited in the liver following the intra- 
venous administration of deuterio compound. It cannot be decided 


? Dilution of the bile acids newly formed by those originally present must have 
been insignificant, since bile had been excreted by the dog for 2 weeks before deuterio 
cholesterol was administered and ligation of the bile duct prevented reabsorption 
of bile acids. 
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whether the deposition of relatively inert liver cholesterol was due to the 
fact that cholesterol and not cholesterol ester was administered. The 
finding that the red blood cell cholesterol (which consists of free cholesterol 
only) and the plasma cholesterol (two-thirds of which is esterified) contain 
identical isotope concentrations seems to exclude this possibility. 

The cholesterol excreted with the bile, having the same isotope value 
as that of the blood and only about 40 per cent of that of liver cholesterol, 
can hardly be of hepatic origin. The function of the liver with regard to 
bile cholesterol seems to be excretory only. 

Similarly, the bile acids, though formed in the liver, could arise from the 
circulating cholesterol as the immediate precursor rather than from that 
stored in the liver. Our data on the relative isotope concentrations in 
circulating cholesterol and cholic acid do not belie such a concept, although 
they supply no proof for it. 

The deuterium concentrations found in the cholesterol of various tissues 
of the animals represent the isotope content 3 days after the last adminis- 
tration of deuterio cholesterol. As can be seen from Table III, there is 
wide variation in the ability of different tissues to remove cholesterol from 
the circulating blood. The relative storage capacity is most pronounced 
in the lungs and liver. All other tissues, with the exception of brain and 
spinal cord, had incorporated cholesterol from the circulation, although to 
varying degrees. The absence of knowledge relating to the metabolic 
function of cholesterol precludes an interpretation of these data. How- 
ever, the complete absence of deuterio cholesterol in brain and spinal cord 
is notable. It illustrates the lack or paucity of metabolic interchange 
between the sterol of the central nervous system and that of the blood. 
Slow rates of metabolism in brain have been observed previously by 
Waelsch, Sperry, and Stoyanoff (7), who demonstrated that cholesterol 
is synthesized very slowly, if at all, in the brain of adult rats. Cholesterol 
of the central nervous system seems to be the most inert of all tissue con- 
stituents which have as yet been studied; it is not regenerated and does not 
interchange with the dietary cholesterol at appreciable rates. 

From the data in Table III it is evident that isotopic sterol had been 
secreted into the lumen of the intestine, although the experimental condi- 
tions prevented secretion of bile into the intestine. These findings confirm 
those of Sperry (8) who observed excretion of sterols in the feces of a dog 
with bile fistula kept on a sterol-free diet. 


SUMMARY 


1. Cholesterol containing 4.2 per cent deuterium was administered intra- 
venously to a dog in which an anastomosis between the gallbladder and 
the pelvis of the kidney had been established. 
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2. Cholie acid isolated from the dog urine had an isotope concentration 
‘of the same order of magnitude as the blood or bile cholesterol, demon- 
* strating the biological conversion of sterol to bile acid. Assuming that 
the circulating sterol provided the immediate precursor, it was calculated 
that a minimum of two-thirds of the cholic acid arose by degradation of 
cholesterol. 

3. The distribution of the administered cholesterol was determined in 
various organs. The highest concentration was found in the lung, fol- 
lowed by the liver. All other organs, with the exception of the central 
nervous system, contain approximately the same concentrations as that 
of the blood. No deuterio cholesterol had been deposited in brain or 


spinal cord. 
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THE UTILIZATION OF THE METHYL GROUPS OF CHOLINE IN 
THE BIOLOGICAL SYNTHESIS OF METHIONINE* 


By SOFIA SIMMONDS, MILDRED COHN, JOSEPH P. CHANDLER, 
and VINCENT pv VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, June 14, 1943) 


The demonstration that homocystine plus choline could replace methio- 
nine in the diet of the growing rat led to the suggestion (1) that the methyl 
grcups of choline are utilized in the biomethylation of homocysteine to 
methionine. Direct proof of this postulated transfer of methyl groups is 
offered in the present communication. The occurrence in the animal 
body of the reverse transmethylation, namely the utilization of the methyl 
group of methionine in the formation of choline, has already been estab- 
lished (2) by experiments in which isotopic choline was found in the tissues 
sutsequent to the administration of isotopic methionine. 

The methcd employed in the present study depended on tracing methy! 
groups labeled with deuterium frem the choline in the diet to the methionine 
in the tissue proteins. Since a procedure for the isolation of methionine 
itself from small amounts of proteins in sufficiently high yields was not 
attained, the methyl group cleaved from the methionine in the tissue pro- 
teins was isolated by an adaptation of the Baernstein procedure (3, 4) 
for the quantitative determination of methionine in proteins. By this 
methcd the methionine is converted by hydriodic acid to methyl] iodide and 
hcmocysteine thiolactone. In the present study, the methy] iodide formed 
during the acid digestion of the isolated tissue proteins was passed into an 
alecholic solution of trimethylamine and the tetramethylammonium iodide 
so obtained was either analyzed directly for deuterium or was converted 
to tetramethvlammonium chloride chloroplatinate prior to the deuterium 
analysis. 

When synthetic deuteriomethionine was subjected to this treatment in 
control experiments the carbon-deuterium bonds in the S-methyl group 
were sufficiently labilized to allow some loss of deuterium. The values we 
obtained for the isotopic content of tissue methionine are therefore minimal 
values. Tetramethylammonium iodide prepared from deuteriomethionine 
retained 66 to 72 per cent of the calculated amount of deuterium. The 


* The authors wish to acknowledge grants-in-aid by The Nutrition Foundation, 
Ine., and Eli Lilly and Company which have contributed to the support of this 
investigation. 
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retention of all the deuterium in the quaternary salt prepared from a syn- 
thetic sample of deuteriomethy! iodide indicated that deuterium-hydrogen 
exchar ge occurs during the treatment with strong acid. ‘The labilization 
of the carbon-deuterium bond concomitant with the in vitro cleavage of 
methionine was striking in view of the fact that the in vivo cleavage involves 
no such labilization. It should also be pointed out that the carbon-deu- 
terium bond in the N-methyl groups of deuteriocholine is not labilized 
when deuteriocholine is subjected to a variety of vigorous conditions such 
as boiling with 1 N hydrochloric acid, boiling with 5 per cent barium hy- 
droxide, or treatment with hot alkaline permanganate solution (2). It has 
been reported that deuterium-hydrogen exchange occurs in dimethyl 
sulfone and sodium methylsulfonate in alkaline solutions (5). A deu- 


TABLE I 


Feeding Experiments with Deuteriocholine* and Homocystine 





ar 
on 2's Body choline Body creatine Body methionine 
‘s & wio | 
ef -Seiey 
r £.5 S28 : Deuterium in . . 
—] a - | a m . 9 . p > 
Z% | SRiea5 a Deuterium in | Deuterium in apne = Deuterium in | tetramethyl- on = 
~ | £% |) 38/5 e\chloroplatinate|methyl groups | 9°": - methyl group | ammonium ry le 
= s% £8 3- | K picrate al methionine 
4 Q = ~ | salt | 
-—| _ 
me 
. ‘ | ate an aiom per po or ca alom per aiom per 
days gm. — aiom per ceni alom per cent cont hiom per cen cont cont 
500) 23 90—' 50) 33.3 + 0.4| 51.84 0.65.04 0.1) 20.0+ 0.4) 4.2 + 0.2)16.8+0.8 
100 
505 56¢82- 25) 42.0 + 0.6) 65.3 +0.9 6.14+0.2 24.42 0.8 4.44 0.417.641.6 
111 


* The deuterium content of the methyl groups of the choline fed was 84.5 atom 


per cent. 
+ From the Ist to 6th day, Rat 505 received 50 mg. of deuteriocholine per day; 
from the 7th to 12th day, 50 mg. of ordinary choline per day; from the 13th to 56th 


day, 25 mg. of deuteriocholine per day. 


terium-hydrogen exchange was also observed by us when deuteriomethio- 
nine was heated in 20 per cent sodium hydroxide. 


EXPERIMENTAL 


Feeding of Deuteriocholine and Homocystine—Two young rats, weighing 
about 85 gm., were placed on the homocystine-containing diet, described 
in a previous paper (2), supplemented with deuteriocholine. Deuterio- 
choline was synthesized from deuteriomethy] iodide and aminoethanol (2). 
The amount of isotopic choline fed, the duration of the experiment, and 
the change in body weight of the two animals are given in Table I. At the 
close of the experimental period the animals were sacrificed and choline 
and creatine were isolated from the tissues. The deuterium contents of 
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the body creatine and of the urinary creatinine have been reported in a 
preceding paper (2) but the creatine values are given again for comparison. 
Tissue proteins were subjected to treatment with hydriodic acid as described 
below to convert the methyl group of methionine to the tetramethyl- 
ammonium salt. In the case of Rat 500 the tetramethylammonium iodide 
itself was analyzed for deuterium, while the iodide obtained from Rat 505 
was converted to tetramethylammonium chloride chloroplatinate prior to 
deuterium analysis. The deuterium contents of the isolated compounds 
are given in Table I. 
































TaBe II 
Feeding Experiments with Deuteriocholine* in Absence of Dietary Homocystine for 
3 Day Period 
Body choline Body creatine | Body methionine 
ee ee ee ET TE THO 
S-Amino acid | in - deuterio- | Deu- Deu- Deu- Deu- |*erium in| Deu- 
supplement “weight | choline | terium | terium | terium |rerium in| tetra- |terium in 
| 4% ingested |in chloro- in in crea- | methyl | methyl- |methy] of 
a | Zz | plat- methy! | tinine K am- methio- 
4 inate | groups | picrate | ®°°"P | monium| nine 
S | a | salt | 
a | wet. aiom elon Po atom alom | 
gm. gm. per per per per per | per 
cent cent cent cent | cent | cent 
A | 1.4%meth-| 749) 50-53 | 0.075 9.3 | 14.5 0.17) 0.68)) 
ionine 0.1 | 0.2 | +0.08)+0.32\) 0.34 1.36 
750 50-53 | 0.075 | 9.5 | 14.8] 0.24) 0.96/| +£0.05) +0.20 
+0.1 | +0.2 | +0.05)+0.20 
B | None 751, 52-52 | 0.075 | 10.6 16.5 0.38) 1.52 | 
+0.1 | +0.2 | +0.05)+0.20|; 0.15, 0.60 
752, 50-52 | 0.069 9.2| 14.4 0.26; 1.04)) +0.06, 40.24 
+0.2 | 0.2 | +0.05)/+0.20 | 

















* The deuterium content of the methyl groups of the choline fed was 84.5 atom 
per cent. 


Feeding of Deuteriocholine in Absence of Homocystine—Four young rats, 
weighing about 50 gm., were placed on the sulfur-amino acid-free basal diet 
(6) to which were added 25 mg. of deuteriocholine per day. The rats were 
divided into two groups and the diet of each group was supplemented as 
follows: Group A, 1.4 per cent methionine and Group B, none. At the end 
of 3 days all the animals were sacrificed and tissue choline and creatine 
were isolated. The tissue proteins from the two rats in a given pair were 
pooled in order to provide sufficient material for the methionine procedure. 
The deuterium contents of all the isolated compounds are given in Table II. 

Isolation of Choline from Body of Rat—Choline was isolated as choline 
chloroplatinate from a boiling alcohol extract of the ground tissues by the 
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method described previously (2). In Tables I and II, the deuterium con- 
tents of the isolated compounds are listed. 


CyoHssO2N2PtCls. Rat 500. Calculated,’ N 4.48; found, N 4.30 
ini ce 505. ae se 4.46; ce se 4.43 


~ “749. " Pt 31.50; found, Pt 31.47 
oe cc 7. 3 “ae ae 31.50; ce ce 31.20 
“ 751. “s150; “ “ 31.80 
“ >. a 29 ~~ pan ** 32.00 


Isolation of Creatine from Tissues—Creatine was isolated by the method 
of Foster, Schoenheimer, and Rittenberg (7) as the double salt, creatinine 
potassium picrate, from the same alcohol extract used for the isolation of 
choline. The purity of the creatinine potassium picrates was determined 
by the Jaffe color reaction. The deuterium contents of the isolated cre- 
atinine salts are given in Tables I and II. 


TaBLe III 
Control Experiments on Stability of Carbon-Deuterium Bond in S-Methyl Group of 


Methionine 
Deuterium in S-methy! | Deuterium in tetramethyl D ium in S-methy 
mee yl- euterium in S-methyl 
og ey ammonium salt group of final methionine B/A X 100 
(A) B) 
atom per cent olen per cent atom on cent 
3.84 + 0.05 0.69 + 0.03 2.76 + 0.12 71.9 
41.6 + 0.6 6.9 +0.2 27.6 +0.8 66.3 
4.56 + 0.06 0.78 + 0.12 3.12 + 0.48 68.4 


Control Experiments on Deuterium-H ydrogen Exchange—Three samples of 
deuteriomethionine were digested with hydriodic acid and the methyl! 
iodide samples obtained were converted to the chloroplatinate of tetra- 
methylammonium chloride. The deuterium contents of these salts, given 
in Table III, ranged from 66 to 72 per cent of the calculated values. The 
loss of deuterium did not occur during the conversion of tetramethyl- 
ammonium iodide to the chloride chloroplatinate, since chloroplatinates 
prepared from samples of deuteriotetramethylammonium iodide of known 
deuterium content always contained the theoretical amount of the isotope. 
Nor does the preparation of tetramethylammonium iodide by addition of 
methyl iodide to an alcoholic solution of trimethylamine involve labiliza- 
tion of the carbon-deuterium bond, for a sample of the quaternary iodide 
prepared from deuteriomethy] iodide of known deuterium content also 
contained the theoretical amount of deuterium. 

' All caleulated values are based on the increased molecular weight due to deu- 
terium in the molecule. 
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A sample of deuteriomethionine was dissolved in 20 per cent sodium 
hydroxide and the solution boiled under a reflux for 23 hours. The deu- 
terium content of the methionine isolated from this digest was 57.5 per 
cent of that of the initial material. 

Isolation of S-Methyl Group of Methionine from Tissue Proteins—The 
residue from the hot alcohol extraction of the rat tissue was extracted three 
times with cold 6 per cent trichloroacetic acid over a3 day period to remove 
non-protein nitrogen. The trichloroacetic acid-insoluble material was 
then reextracted with hot alcohol and dried. The tissue proteins so ob- 
tained represented about 14.5 per cent of the body weight of the smaller 
(50 gm.) rats and about 16.5 per cent of the body weight of the larger 
(100 gm.) rats. 

About 7 gm. of rat proteins were then digested in 25 cc. of boiling 57 
per cent hydriodic acid for 6 to 7 hours and the methyl iodide formed was 
collected in alcoholic trimethylamine. The apparatus used for the hy- 
driodic acid treatment was a modification of that described by Baernstein 
(4). The digestion flask was connected in the usual way to an absorption 
train consisting of four scrubbers. The construction and contents of the 
first two scrubbers were identical with those used in the ordinary Baernstein 
procedure. The third and fourth scrubbers consisted of widened test- 
tubes similar to those used in the determination of methylimide by the 
method of Pregl and Lieb (8). A stop-cock was inserted between the 
second and third scrubbers so that the third and fourth scrubbers could be 
separated from the rest of the apparatus. These two scrubbers contained 
a 5 per cent alcoholic solution of trimethylamine. Because both methyl! 
iodide and trimethylamine as well as ethyl alcohol are easily volatilized, the 
third and fourth scrubbers were cooled in solid carbon dioxide during the 
digestion period. At the resulting low temperature a large part of the 
carbon dioxide gas used to sweep the volatile products of hydrolysis out of 
the digestion flask was absorbed along with the methyl] iodide by the al- 
coholic trimethylamine solution. At the close of the digestion period the 
trimethylamine scrubbers were removed from the train and allowed to 
stand in their solid carbon dioxide baths for about 30 hours. During this 
time the solid carbon dioxide slowly evaporated and, as the contents of the 
scrubbers warmed to room temperature, the dissolved carbon dioxide 
gradually escaped from the alcoholic solution. 

About 100 mg. of crude tetramethylammonium iodide were obtained 
after evaporation of the alcoholic trimethylamine solution and several 
washings of the residue with cold absolute aleohol. Trial runs on methio- 
nine alone and on rat tissues indicated that the crude tetramethylam- 
monium iodide obtained represented about 80 per cent of the methionine 
calculated on the basis of the homocysteine thiolactone in the hydriodic 
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acid digest.. The quaternary ammonium iodide could be purified by re- 
crystallization but it proved inconvenient for use in the deuterium analysis 
because of its high iodine content. Therefore, the crude iodide was washed 
free of iodine with cold absolute alcohol and was converted to the chloride 
by treatment with silver chloride. From an alcoholic solution of the 
chloride the chloroplatinate was prepared and this salt was analyzed for 
deuterium. The deuterium contents of the various samples obtained 
from tissues are given in Tables I and II. 


C,HyNI. Rat 500. Calculated, I 63.1; found, I 63.6 
CsHaN2PtCle. “ 505. as Pt 35.01; ‘* Pt 35.33 
oe Rats 749, 750. Calculated,’ Pt 35.07; found, Pt 34.79 
“ ‘¢ 6751, 752. as "a: © “¢ 34.77 
DISCUSSION 


The utilization of the methyl groups of dietary choline in the biosynthesis 
of methionine has now been established by the demonstration that the 
tissue proteins of rats fed deuteriocholine and homocystine contain deu- 
teriomethionine. The in vivo synthesis of methionine proceeds regardless 
of the absence of homocystine in the diet, since a small amount of deu- 
teriomethionine was found in the tissue proteins when deuteriocholine was 
fed on a sulfur-amino acid-free basal diet. Furthermore, even when 
adequate methionine is added to the deuteriocholine diet methy] transfer 
from choline to methionine continues.” 

It becomes obvious from these results that the process of transmethyla- 
tion from dietary choline to methionine is not induced by the presence of 
homocystine in the diet. That is, the presence in the diet of a methyl 
acceptor is not requisite for the phenomenon of transmethylation to 
methionine to make its appearance. Apparently, a precursor of methio- 
nine, undoubtedly homocysteine, is formed by the animal during the catabo- 
lism of methionine, thus enabling methionine to be resynthesized with the 
methyl group supplied by choline. Continual synthesis of methionine 
occurs although more than enough methionine is supplied in the diet—a 
fact which places transmethylation from choline to methionine in the class 
of “automatic and non-interruptable biochemical processes” (9). 

In all of these experiments, the transmethylation to creatine as well as 
to methionine has been followed. As previously reported (2), the methyl 
group from dietary choline appears in the creatine of the tissues and the 
creatinine of the urine when deuteriocholine was fed with homocystine. 
As shown in Tables I and II, transmethylation from choline to creatine 


? Experiments in which deuteriomethionine and ordinary choline were fed together 
show that the formation of choline from methionine proceeds even with an adequate 
dietary supply of choline. 
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also occurs, though to a lesser extent, when homocystine is excluded from 
the basal diet or when ordinary methionine is in the diet instead of homo- 


cystine. 
SUMMARY 


Direct proof of the transfer of methyl groups from choline to methionine 
in the rat is presented by the demonstration of the presence of the deuterio- 
methyl group in tissue methionine subsequent to the ingestion of deuterio- 
choline and homocystine. Furthermore, this transmethylation reaction 
was shown to occur when deuteriocholine was fed without homocystine 
in the diet and even when ordinary methionine was fed with deuteriocholine. 


The authors wish to thank Dr. J. R. Rachele of this laboratory for some 
of the microanalyses. 
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NOTE ON THE USE OF THE 0o-PHENANTHROLINE FERROUS 
COMPLEX AS AN INDICATOR IN THE CERIC 
SULFATE TITRATION OF BLOOD SUGAR 


By DOUGLAS A. MacFADYEN anp DONALD D. VAN SLYKE 


(From the Alfred I. du Pont Institute of the Nemours Foundation, Wilmington, Delaware, 
and the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, June 24, 1943) 


Miller and Van Slyke (1) have published a direct microtitration method 
for blood sugar in which the ferrocyanide formed by reduction of ferri- 
cyanide is titrated with ceric sulfate. As indicator setopaline C* was recom- 
mended after trial of numerous other oxidation-reduction indicators. The 
constitution of this indicator appears to be a trade secret, and the indicator 
is now off the market. However, it has been found that o-phenanthroline,' 
synthesized by Blau (2) and studied with regard to its oxidation properties 
by Walden, Hammett, and Chapman (3), serves even better than the 
setopaline C*. 

The indicator is used in the form of a ferrous complex, which is prepared 
in 0.025 m solution as follows: 6.95 gm. of FeSO,-7H.2O are dissolved and 
made up to | liter with water. Into the solution are stirred 14.85 gm. of 
o-phenanthroline monohydrate, CyHsN2- HO, until all is dissolved. 

The color change at the end-point in the sugar titration is sharp, from 
golden brown to light yellow. On standing the golden brown slowly 
returns. The end-point, however, is stable for at least a minute. 
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! The indicator, either in solid form or prepared in 0.025 ferrous complex solution, 
as described above, can be obtained from the G. Frederick Smith Chemical Company, 


Columbus, Ohio. 
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FURTHER STUDIES ON THE ROLE OF POTASSIUM AND OTHER 
IONS IN THE PHOSPHORYLATION OF THE 
ADENYLIC SYSTEM* 


By PAUL D. BOYER, HENRY A. LARDY, anno PAUL H. PHILLIPS 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, June 9, 1943) 


Recently it was demonstrated that potassium had an essential réle in 
the transfer of phosphate from 2-phosphopyruvate or 3-phosphoglycerate 
to the adenylic system (1). Earlier publications have indicated that other 
substances might replace potassium in some of its physiological effects. 
Ohlmeyer and Ochoa (2) have shown that glucose phosphorylation by yeast 
was stimulated interchangeably by manganese, magnesium, potassium, 
and ammonium ions. Conway et al. (3) and Fenn and Haege (4) have 
found that ammonium ions will replace potassium in yeast and muscle 
cells. Hence experiments were undertaken to study the relationships of 
Mg**, Mn**, and NH,* to the effect of K* on phosphorylation. 

Several studies have shown that oxidation of pyruvate may be coupled 
with phosphorylations (5-7). In view of the demonstrated importance of 
K+ for anaerobic phosphorylation, studies were made to ascertain the re- 
lationship of K* to the phosphorylation accompanying pyruvate oxidation. 

Since adenosinetriphosphatase has been found to be inhibited by K* (8), 
it was felt desirable to present evidence which shows that the effect of K* 
on phosphorylation was not the result of an inhibition of adenosinetri- 
phosphatase. 

In the course of these experiments it was noted that adenosine triphos- 
phate additions were markedly superior to adenylic acid additions for the 
catalysis of the phosphate transfer from 2-phosphopyruvate to creatine. 
Thus this difference in the effect of adenosine triphosphate and adenylic 
acid was further studied. 

In addition to the results of the previously mentioned experiments further 
data concerning the stimulating effect of K* and the inhibiting effect of 
Ca** and other inhibitors on phosphate transfer are presented in this paper. 


Methods and Materials 


The preparation of tissues and phosphorus esters and the determination 
of phosphocreatine were made as described previously (1). The adenylic 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. 
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acid used was prepared by the method of Kerr (9). The sodium pyruvate 
used as a substrate was prepared from pyruvic acid by the method of 
Robertson (10). 

In experiments in which phosphorus fractionation studies are reported, 
relatively small amounts of organic phosphorus compounds were added 
with the tissue preparations. Thus nearly all the phosphorus esters present 
were derived from the added 3-phosphoglycerate. The phosphoglye- 
erate which disappears can be accounted for almost entirely as 2-phospho- 
pyruvate, adenosine triphosphate, phosphocreatine, and inorganic phos- 
phate. Hence conventional fractionation and hydrolysis procedures for 
the estimation of these phosphorus esters can be applied with good results. 

Phosphoglycerate was estimated as the differences in the total P and the 
P hydrolyzable in 180 minutes at 100° in N HCl. Disappearance of phos- 
phoglycerate was measured by the increase in the P hydrolyzable in 180 
minutes. For the determination of adenosine triphosphate and of inor- 
ganic P the calcium precipitate from the phosphocreatine determination 
was washed once with a mixture of 1 part of the precipitating agent and 4 
parts of water, and the inorganic and 7 minute-hydrolyzable phosphorus 
determined on the precipitate. 2-Phosphopyruvate was estimated as the 
difference in the amount of P hydrolyzable in 180 minutes and the amount 
present as phosphocreatine, inorganic phosphate, and adenosine triphos- 
phate. In a number of cases this value was checked by the alkaline iodine 
hydrolysis procedure of Lohmann and Meyerhof (11). 

The experiments were performed with either dilute, homogenized, fresh 
rat muscle or with enzyme preparations from acetone precipitates of muscle 
extracts. The acetone precipitates were prepared from rat muscle which 
was coarsely chopped, and washed once with distilled water. The tissue 
was then finely ground in 5 volumes of calcium-free Ringer-phosphate 
solution at pH 7, the mixture centrifuged, and the precipitate discarded. 
4 volumes of cold acetone were added to the supernatant solution and the 
precipitate was collected by centrifuging, washed once with acetone, and 
stored at 0°. The dialyzed extract from the acetone precipitate was pre- 
pared by dialysis for 48 hours, against frequently changed distilled water, 
in the refrigerator. 

All experiments were conducted at 38°. The experiments on anaerobic 
transfers were done in test-tubes with shaking in a constant temperature 
bath. The dilute homogenized tissue preparations and the enzyme prep- 
arations from acetone precipitates of muscle extracts showed no oxygen 
uptake under the conditions of the experiments; hence exclusion of air 
was unnecessary. Oxidative experiments were conducted manometrically 
by use of a Warburg apparatus in the conventional manner. 
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Results 


Specific Action of Potassium—The transfer of phosphate from 3-phos- 
phoglycerate to creatine has been shown to take place by the following 
series of reactions (11-15). 


(1) 3-Phosphoglycerate = 2-phosphoglycerate — 2-phosphopyruvate 
(2) 2-Phosphopyruvate + adenosine diphosphate = pyruvate 

+ adenosine triphosphate 
(3) Adenosine triphosphate + creatine — adenosine diphosphate 


+ phosphocreatine 


Dephosphorylation of the adenosine triphosphate may also occur by 
the action of adenosinetriphosphatase if this enzyme is present, in which 
ease inorganic phosphate is liberated. 

The equilibrium in Reaction 1 is such that only small amounts of 2- 
phosphoglycerate are present (16). Adenosine triphosphate is required 
only in catalytic amounts for the over-all reaction (Nos. 1 to 3). Thus 
in the study of this system the measurement of the phosphorus present 
as phosphocreatine, phosphoglycerate, 2-phosphopyruvate, and inorganic 
phosphate gives an indication of the mode of action of any added activator 
or inhibitor of the phosphate transfers involved. 

The results of experiments on the relationship of Kt, Mg**, Mn*, 
and NH,* to the phosphate transfer from 3-phosphoglycerate to creatine 
are given in Table I. The levels of Mn*t*+, Mgt*, and NH,* used were 
comparable to those used by Ohlmeyer and Ochoa in their experiments 
with yeast (2). 

The results with fresh tissue show that addition of K+ markedly ac- 
celerated the disappearance of phosphoglyceric acid. This probably 
resulted because K+ accelerated the phosphorylation of the adenylic system. 
That this might be the case is indicated by previous results (1) showing 
that K+ was necessary for the phosphate transfer from 2-phosphopyruvate 
to creatine but not for the transfer from adenosine triphosphate to creatine. 
The marked increase in inorganic phosphate which appeared in the presence 
of K+ is likewise most readily explained by an increased transfer of phos- 
phate to the adenylic system and its subsequent liberation by the active 
adenosinetriphosphatase which the fresh tissue preparation contained. 
This increase in inorganic phosphate was opposite to the effect that would 
have resulted if K+ accelerated creatine phosphorylation by inhibiting 
adenosine triphosphate breakdown by adenosinetriphosphatase. 

The higher 2-phosphopyruvate concentration in the absence of K* 
(Table I) showed that the rate of 2-phosphopyruvate formation did not 
limit the rate of phosphocreatine formation in the absence of K+. Ex- 
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periments with dialyzed preparations from acetone precipitate of muscle 
extracts, in confirmation of results of Utter and Werkman (17) obtained 
with preparations from Escherichia coli, have shown that K* has no effect 
on the rate of attainment of the equilibrium between 3-phosphoglycerate 
and 2-phosphopyruvate. 

K+ also had a marked stimulatory effect on the phosphate transfer from 
3-phosphoglycerate to creatine when dialyzed extracts of acetone precipi- 


TABLE | 
Effects of Potassium on Phosphorylation in Relation to Magnesium, 
Manganese, and Ammonium Ions 

Each tube contained 60 micromoles of creatine, 0.2 micromole of adenosine tri- 
phosphate, and 0.005 m sodium phosphate buffer. In Experiment 1 the enzyme source 
was homogenized, fresh muscle tissue, and in Experiment 2 dialyzed extract of an 
acetone precipitate. 20.5 and 10.3 micromoles of 3-phosphoglycerate were added to 
each tube in Experiments 1 and 2 respectively. The total volume was 1.0 ec., 
incubation time 20 minutes. 


a Phospho-| Phos- | Inorganic 
Enzyme source Ro MsCls Other additions ‘corate creatine Phopy, Lees 
| ne formed present | appeared 
w] ow | color | ‘mols | coke | ‘sale 
Fresh tissue 0 0.005 1.6 0.6 2. 1.7 
0 0.005) 1 x 10-¢ mw Mn* 4.2 0.3 2.4 1.5 
0 0.005} 4x 10m Mn*+ | 3.9 | 0.3 | 2.0 | 1.6 
0 0.005) 0.075 uw NH, 10.5 | 3.6 | 2.2 | 46 
0.05 0.005) 10.1 3.4 1.2 5.6 
0.5 | 0.005) 5.6 2.0 2.0 1.5 
Dialyzed extract | 0.05 | 0 1.0 0.2 0.2 0.8 
0 0.005) 3.5 1.2 1.9 0.3 
0.05 | 0.005) 4.9 4.2 0.5 | 0.6 
0 0.01 | 3.2 | 1.2 | 1.6 | 0.4 
0.05 | 0.01 | 4.7 3.3 1.0 | 03 
0 0.005) 2 x 10-¢ wm Mn** 1.9 1.0 0.7 0.2 
0.05 0.005! 2 x 10-*'m Mn*+ | 3.7 3.3 0.2 0.2 
0 0.005) 0.15 w NH,* 3.6 3.0 0.3 0.3 


tates were used, as shown in Table I. Since these preparations had no 
adenosinetriphosphatase activity, this stimulating effect of K* could not 
be due to an inhibition of adenosinetriphosphatase. In the samples 
without K+ additions, some phosphate transfer took place. Thus the 
principal effect of K+ was to accelerate the rate of transfer. With non- 
dialyzed extracts from acetone precipitates only slight activation by K* 
could be demonstrated. 

The results show that manganese in levels of 0.1 to 0.4 micromole per ce. 
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would not replace K* in the experiments with either fresh tissue or dialyzed 
extracts of acetone precipitates, and did not accelerate the phosphate 
transfer in the presence of K+ and Mgt*. Increased levels of Mg** would 
not replace K* or cause an increase in the phosphate transfer in the pres- 
ence of K+. The low rate of phosphate transfer by the dialyzed extracts 
in the presence of K*+ but absence of Mg** indicated that the dialyzable 
metallic ions were fairly completely removed. In other experiments it 
was shown that Mn** will replace Mg** in this system of phosphate 
transfers. Thus these results show that K* was essential in addition to 
either Mg** or Mn** for the rapid phosphorylation of the adenylic system. 

In contrast to the results with Mg** and Mn**, the data in Table I 
show that NH,* would replace K* entirely both with fresh tissue prepara- 
tions and with dialyzed extracts from acetone precipitates. 

The inhibiting effect of K* on the activity of adenosinetriphosphatase, 
reported by Mehl and Sexton (8), has been confirmed by us. However, 
the inhibition was not marked until concentrations of 0.2 M or greater were 
reached. Concentrations of K* well below 0.2 m will markedly stimulate 
phosphorylation. For this reason, and those given above, it may be 
concluded that the stimulating effect of K* on phosphate transfer from 
2-phosphopyruvate to creatine was not due to inhibition of adenosine 
triphosphate breakdown. It is of interest that K* in high concentrations 
also inhibits the transfer of phosphate from 2-phosphopyruvate to creatine. 

Comparative Catalytic Effect of Adenosine Triphosphate and Adenylic 
Acid—In experiments with dialyzed extracts of acetone precipitates pre- 
pared from muscle it was found that adenylie acid would not replace 
adenosine triphosphate in the transfer of phosphate from 2-phosphopy- 
ruvate to creatine. The results given in Table II show the striking con- 
trast found when additions of adenylic acid and adenosine triphosphate 
were compared. Thus it follows that in this system adenosine diphosphate 
accepted phosphorus from 2-phosphopyruvate much more rapidly than 
would adenylie acid. 

Action of Inhilitors—Calcium has been shown to inhibit the stimulating 
effect of K* on phosphorylation (1). As Ca** has been found to activate 
adenosinetriphosphatase (18), studies were made to see if the inhibition 
by Ca** might be due to an increased breakdown of adenosine triphosphate 
into adenylic acid and inorganic phosphate. 

The breakdown of added adenosine triphosphate by homogenized 
fresh rat muscle tissue under conditions similar to those of the phosphoryla- 
tion experiments was not accelerated by additions of Ca** to a concentra- 
tion of 0.004 m. Evidently the tissue preparations contained sufficient 
Ca*+ for maximum activation of the adenosinetriphosphatase. 

Experiments were also made to determine the effect of Ca** on the 
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transfer of phosphate from adenosine triphosphate to creatine both with 
and without the adenosine triphosphate concentration as the limiting 
factor in the transfer. The results of these experiments are given ip 


Taste II 
Comparative Ability of Adenylic Acid and of Adenosine Triphosphate to Catalyze 
Phosphate Transfer from 2-Phosphopyruvate to Creatine 
Each tube contained 15 micromoles of creatine, 0.005 m sodium phosphate buffer, 
pH 7.4, 0.005 m Mg**, and 10 micromoles of 3-phosphoglycerate in a total volume of 
0.5 cc. The extracts of acetone precipitates used as enzyme sources were dialyzed 
for 24 hours and 96 hours in Experiments 1 and 2 respectively. 


Adenosine Phosphocreatine formed 





spggpment KCl added triphosphate Par pe ed B.. 
10 min. 20 min. 30 min. 
* vu micromoles micromoles micromoles aistomedin z micromoles 
] 0 0.33 1.51 
0.05 0.33 3.72 
0 0.33 0.05 
0.05 0.33 0.20 
2 0 0.16 0.42 1.19 
0.05 0.16 1.03 2.51 
0 0.16 0.08 0.17 
0.05 0.16 0.15 0.56 
Taste III 


Lack of Effect of Calcium on Transfer of Phosphate from Adenosine Triphosphate 
to Creatine 
Each tube contained 30 micromoles of creatine, 0.005 m Mg**, and 0.5 mg. of 
homogenized, fresh muscle tissue in 0.06 m Na,HPO,, pH 8.7. The total volume 
was 0.5 ce. 


Phosphocreatine formed 





Adenosine triphosphate CaCl 
added aCle added a i 
_ 5 min. 10 min. 
wieroues os > Mw micromoles micromoles 
3.0 0.52 0.88 
1.5 0.48 0.71 
3.0 0.004 0.55 0.84 


1.5 0.004 0.48 | 0.65 


Table III. The data show that Ca** did not effect the transfer of phos- 
phate from adenosine triphosphate to creatine. When the level of added 
easily hydrolyzable P as adenosine triphosphate was decreased from 3 to 
1.5 micromoles, a decreased formation of phosphocreatine resulted, but 
Ca** had no effect on the rate of transfer. If Ca++ accelerated the break- 
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down of adenosine triphosphate, a decreased formation of phosphocreatine 
would be expected in the presence of Ca*+ when the concentration of 
adenosine triphosphate limited the rate of transfer. 

Further evidence that the inhibitory effect of Ca** was the result of some 
mechanism other than activation of adenosine triphosphate breakdown 


TaBLe IV 
Effect of Various Inhibitors on Transfer of Phosphate from 
3-Phosphoglycerate to Creatine 

Each tube contained 60 micromoles of creatine, 0.2 micromole of adenosine tri- 
phosphate, 0.005 m Mg**, 0.005 to 0.1 m phosphate buffer, pH 7.4, and 0.05 m KCl. 
Either 12.5 mg. of homogenized fresh muscle tissue or a dialyzed extract from an 
acetone precipitate was used as an enzyme source. The total volume was 1.0 cc., 
incubation time 20 minutes. 


3-Phos- 





: 3-Phos- | és 
— Enzyme source Inhibitor added phogly- —— ae a 
No. added disap- formed present 
peared 
at ie micro- | micro- micro- micro- 
moles moles moles moles 
1 Fresh tissue 0 10 7.3 3.2 
- * 0.004 CaCl, 10 3.6 0.3 
2 Dialyzed extract 0 20.7 10.3 10.4 2.9 
-* <1 0.004 CaCl, 20.7 8.5 4.6 3.8 
sy 7 a, 7" 20.7 6.7 3.0 3.8 
a - aa 20.7 5.2 1.9 3.7 
3 Fresh tissue 0 20.5 9.5 3.2 0.9 
“ " 0.008 oxalate 20.5 3.9 0.3 2.9 
4 Dialyzed extract | 0 16.3 5.0 4.1 0.5 
“ ” 0.004 oxalate 10.3 3.0 1.2 1.4 
me 4 No KCl added 10.3 3.4 1.2 2.0 
5 | - “ 0 20.7 9.4 6.5 3.4 
“ ” 0.1 um NaCl 20.7 8.1 5.1 3.6 
“ - 0.1 “ KCl 20.7 9.2 5.9 3.4 


* With a CaCl, concentration of 0.008 or 0.012 m a precipitate of calcium phosphate 
formed. 


was that Cat* had an inhibitory effect when extracts of acetone precipi- 
tates, which had negligible adenosinetriphosphatase activity, were used. 

Additional studies were made to ascertain whether the effect of Ca** 
was the result of inhibition of the formation of 2-phosphopyruvate from 
3-phosphoglycerate or inhibition of the transfer of phosphate from 2- 
phosphopyruvate to the adenylic system. The results of phosphorus 
fractionation studies with various levels of Ca** present and with an 
acetone precipitate of muscle extract as an enzyme source are shown in 
Table IV. The calcium markedly inhibited the formation of phospho- 
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creatine and the disappearance of phosphoglycerate was }s.ened. Ip 
all cases relatively high amounts of 2-phosphopyruvate wer: present 
(estimated both by indirect calculation and alkaline iodine hydrolysis; 
the results by the two procedures agreed within about 10 per cent). Thus 
the inhibiting action of Ca** was exerted on the transfer of phosphate 
from 2-phosphopyruvate to creatine. The results given above showed 
that Ca** did not effect the transfer from adenosine triphosphate to 
creatine. Therefore, Ca** exerted its inhibitory effect on the transfer of 
phosphate from 2-phosphopyruvate to the adenylic system. The inhibi- 
tory action of Ca** was thus directly opposed to the action of K+; both 
ions acted upon the same transfer. 

During the course of experiments on oxidation and phosphorylation, 
oxalate was added to ascertain whether a possible stimulation of phos- 
phorylation might result from Ca** removal by oxalate. No stimulation, 
but a greater inhibition traceable to the oxalate added, was noted. Hence, 
the effect of oxalate on the anaerobic phosphorylation was studied. The 
results shown in Table IV indicated that oxalate did not act by slowing 
the formation of 2-phosphopyruvate. The effects of adding oxalate were 
found similar to those produced by not adding K* (Experiment 4, Table 
IV). Other studies on oxalate have shown that it does not accelerate 
adenosine triphosphate breakdown. Lohmann and Meyerhof (11) have 
previously shown that oxalate inhibits dephosphorylation of 2-phosphopy- 
ruvate. 

Concentrations of K* greater than the optimum concentrations or addi- 
tions of Na* inhibit the phosphate transfers. The results given in Table 
IV showed that increased K* concentrations or Na* additions did not 
lessen the amount of 2-phosphopyruvate present. 

The effects of added Na*, K*+, and PO,*, and of K* in the presence of 
NaCl and Na,gHPOQ,, on the phosphate transfer from 3-phosphoglycerate to 
creatine by homogenized fresh tissue are shown in Fig. 1. The molarities 
of the added substances were in addition to the 0.005 m potassium phos- 
phate buffer, pH 7.4, already present. Under these conditions optimum 
phosphorylation was obtained with a K* concentration as low as 0.05 M. 
In the presence of 0.06 m Na,HPO,, pH 8.7, the optimum K* concentration 
was 0.2 mM, although much smaller levels of K*+ markedly increased phosphate 
transfer. 

The results show that addition of relatively high concentrations of Na* 
caused a marked inhibition of phosphocreatine formation. With 0.1 m 
NaCl present in the medium, stimulation by K* still occurred, but the rate 
of phosphorylation obtainable was far below that obtained in the absence 
of added Na*. This was similar to the effects of K* when Ca** was 
present as an inhibitor (1). Thus the effects of these inhibitors cannot be 
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overcome by K* additions, although the amount of phosphate transfer 
can be increased by K* additions if the K* concentration is below optimum. 

If the KCl was replaced by equimolar concentrations of potassium 
phosphate buffer, pH 7.4, the inhibition of the phosphate transfer by in- 
organic phosphate can be demonstrated (Fig. 1). Smalier concentrations 
of phosphate were stimulatory to the transfer. The inhibitory effect of 
Nat and of PO,” were similar to results obtained by Ohlmeyer and Ochoa 
in the study of the transfer of phosphate from 2-phosphopyruvate to 
glucose by yeast (2). 


a a a ae LS , . wae go Pall aeantah 


| 


2.0 






KCL ADDITIONS 





SN —-—_-———+ KCI ADDITIONS, 0.06 w 
| ne Nag ADOED 


KCI ADDITIONS, 0.! M 
Nac! ADDED | 





\\ K PHOSPHATE BUFFER ADDITIONS 


Pie et NaCl ADDITIONS 
4 ) a A 


i i |= A. 
0.2 0.3 0.4 
MOLARITY OF ADDITIONS 


Fic. 1. The effect of potassium, sodium, and inorganic phosphate on the transfer 
of phosphate from 3-phosphoglycerate to creatine. Each tube contained 60 micro- 
moles of creatine, 0.005 m Mg**, 0.2 micromole of adenosine triphosphate, 17.0 
micromoles of 3-phosphoglycerate, and 12.5 mg. of homogenized fresh rat muscle 
tissue. The total volume was 1.0 cc., incubation time 20 minutes. The molarity 
of added substances was in addition to the 0.004 m potassium phosphate buffer, 
pH 7.4, and other substances already present. The concentration of Na* added 
with the 3-phosphoglycerate and other additions was calculated to be about 0.1 m. 


MICROMOLES OF P AS PHOSPHOCREATINE 








Relation of Potassium to Oxidative Phosphorylation—Studies on pyruvate 
oxidation were made with minced muscle preparations. With homogenized 
preparations the oxiaation of pyruvate was slow unless high tissue con- 
centrations were used. No coupling of phosphorylation with oxidation 
by homogenized fresh tissues could be demonstrated, but with minced 
preparations a phosphorylation coupled with pyruvate oxidation could 
be obtained. 

In the experiments on pyruvate oxidation malate was added to catalyze 
the oxidation (19, 6). Additions of cocarboxylase and cozymase' were 
tried in several experiments, but they did not stimulate the rate of oxida- 
tion by minced tissue. 


‘ Kindly supplied by Merck and Company, Inc., Rahway, New Jersey. 











538 POTASSIUM AND PHOSPHORYLATION 


The results of several experiments on pyruvate oxidation are given 
in Table V. In the absence of K* very little phosphocreatine was formed, 
while in the presence of K+ phosphorylation of added creatine occurred, 
The rate of oxidation was not markedly affected by K+, but K+ was neces- 
sary for phosphorylation to accompany oxidation. In the absence of 
pyruvate some endogenous phosphorylation occurred in the presence but 
not in the absence of K*. 


TABLE V 

Relation of Potassium to Phosphorylations Accompanying Pyruvate Oxidation 

Each Warburg flask contained 120 micromoles of creatine, 0.2 micromole of 
adenosine triphosphate, 0.003 m Mg**, 0.033 m phosphate buffer, pH 7.4, and 75 mg. 
of minced fresh rat muscle. Pyruvate and malate were added from a side arm after 
equilibration to make concentrations of 0.05 m and 0.002 m respectively. The 
phosphocreatine formed includes that formed during the preliminary and equilibra- 
tion period and the 60 minute period during which oxygen uptake was measured. 

















yl bs — ped 
| micromoles | micromoles 
1 | 0 | | or. Oe 
a 4 Co Se tae 
0.2 0.004 m Na oxalate 2.9 4.7 
0.2 No pyruvate added 3.0 2.2 
2 | 0 | a meio 
} O23 | |. Mano ber Se 
0.2 ibe © ab ge 
0.2 | No pyruvate added 4.1 1.6 
3 0.2 8.0 3.9 
0.2 | 0.008 « CaCl, / O01 0 
0.2 | Nopyruvate added | 1.8 | 2.0 











The effect of K*+ on the oxidative phosphorylation was inhibited by 
oxalate, but the oxalate did not decrease the rate of oxidation. Addition 
of Ca*+ in amounts which would inhibit phosphorylation also inhibited 
the O, uptake. Adenosinetriphosphatase activity has been found to be 
unaffected by oxalate, indicating that in the oxidative as well as the 
anaerobic phosphorylation the effect of K+ was not the result of adenosine- 
triphosphatase inhibition. 


DISCUSSION 


The results of these studies indicate that the effect of K* on the phos- 
phorylation of the adenylic system in muscle is a specific one. Although 
NH,* will replace K+ in in vitro experiments, it is not found in the cell 
in sufficient concentration to be of any importance in the phosphorylation 
of the adenylic system. Mg*+ or Mn** is also essential for the rapid 
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transfer of phosphate from 2-phosphopyruvate to the adenylic system, 
as shown by these and earlier studies (11, 13). - However, the action of 
Mg*+ and Mn?** is separate from that of K+, which is essential in addition 
to Mg** and Mn**. 

The results of our experiments indicate that adenosine diphosphate will 
accept phosphate from 2-phosphopyruvate much more readily than will 
adenylic acid, since for the rapid phosphorylation of creatine by dialyzed 
extracts traces of the higher phosphorylated stages must be added. These 
results may explain the observation of Cori and coworkers (20) that 
adenosine triphosphate but not adenylic acid would function in the alternate 
dephosphorylation mechanism of 2-phosphopyruvate described by Pillai 
(21) and Meyerhof and Junowicz-Kocholaty (22). 

The inhibition of phosphate transfer by Ca** appears to be directly 
antagonistic to the action of K+; 7.e., it inhibits the transfer of phosphate 
from 2-phosphopyruvate to the adenylic system. Utter and Werkman 
found that with preparations from Escherichia coli Ca++ inhibited the rate 
of formation of 2-phosphopyruvate from 3-phosphoglycerate (17). It is 
possible that in our experiments Ca**, in addition to its prominent effect 
on the transfer of phosphate from 2-phosphopyruvate, may slow the rate 
of formation of 2-phosphopyruvate. However, this would not be evident 
or limiting, because the 2-phosphopyruvate is only slowly removed in 
the presence of Cat*. 

It is not probable that the increase in inorganic phosphate noted in 
experiments with fresh tissue when K+ was added was the result of the 
breakdown of adenosine triphosphate by the formation of 1,3-diphos- 
phoglyceric acid which spontaneously decomposes (22). Likewise the 
small increase in inorganic phosphate in the experiments with acetone 
precipitates indicates that this dephosphorylation mechanism was non- 
operative. These results are as would be expected, since it was found that 
the dephosphorylation of adenosine triphosphate by this mechanism 
did not occur unless nearly all the adenylic acid was present as adenosine 
triphosphate (22). In our experiments the presence of creatine, and 
in some instances of adenosine triphosphatase, makes this improbable. 

The effect of K+ on the phosphorylation accompanying pyruvate oxida- 
tion further emphasizes the essential nature of K+ in the phosphorylation 
of the adenylic system. The lack of accumulation of phosphocreatine 
in the absence of K+ when pyruvate is oxidized, although oxidation con- 
tinues unimpeded, is of interest. This indicates that in the absence of 
K* the oxidation may not be coupled with phosphorylation or that a 
phosphorylated intermediate may accumulate or decompose spontaneously 
or enzymatically. In the presence of K+ the adenylic system may be able 
to accept the phosphate from a phosphorylated intermediate. 

Phosphocreatine accumulation in the system we used does not always 
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accompany pyruvate oxidation by rapidly respiring tissue. In some 
preparations, even under what we assumed to be favorable conditions, 
oxidation would continue without phosphorylation resulting. Other 
investigators have also found that oxidative phosphorylation may be 
somewhat erratic (19, 23). Further investigations on the mechanism 
of the coupling of phosphorylation with oxidation of various substrates 
are necessary. 

The rate of 2-phosphopyruvate breakdown by dialyzed acetone precipi- 
tates of muscle provides the basis for a quantitative estimation of adeno- 
sine-5-phosphoric acid and its homologues in the method published by 
Schlenk and Schlenk (24). In view of the results of the experiments 
reported here it would seem advisable that in such an assay the K* level 
should be controlled and it should be recognized that the addition of Nat, 
and especially Ca**, with the material to be assayed would deleteriously 
affect the results. 


SUMMARY 


Experiments have been conducted with enzyme preparations from 
muscle to determine the specificity of the accelerating effect of K* on the 
phosphorylation of the adenylic system, to compare the ability of adenylie 
acid and adenosine triphosphate additions to catalyze phosphate transfer 
from 2-phosphopyruvate to creatine, to study the effect of K+ on aerobic 
as well as anaerobic phosphorylation, and to study the action of Ca** 
and other inhibitors of the stimulating effect of potassium. The results 
of these experiments warrant the following conclusions. 

1. K* markedly accelerates the transfer of phosphate from 3-phosphoglye- 
erate to creatine by either homogenized fresh muscle or by dialyzed ex- 
tracts of acetone precipitates prepared from fresh muscle. The optimum 
K* concentration under favorable conditions is as low as 0.05 m. 

2. The action of K* is the result of an accelerating effect on the transfer 
of phosphate from 2-phosphopyruvate to the adenylic system. K* is 
essential in addition to either Mg** or Mn** for this transfer. However, 
NH,* will replace K* in in vitro experiments. 

3. Adenosine triphosphate additions are much more effective than 
adenylic acid additions for catalysis of the transfer of phosphate from 2- 
phosphopyruvate to creatine. 

4. K* is necessary for the phosphorylation of creatine to accompany 
pyruvate oxidation by minced tissue. In the absence of K+ phosphoryla- 
tion of creatine does not result, although oxidation is unimpeded. 

5. Ca** is directly antagonistic to the effect of K*. The inhibitory 
effect of Ca** is due principally to an inhibition of the transfer of phosphate 
from 2-phosphopyruvate to the adenylic system. 
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6. The actions of K+ and of Ca** on phosphorylation in the system studied 
were not the result of respective inhibition and stimulation of adenosine- 
triphosphatase. However, K* in relatively high concentrations does 
inhibit adenosinetriphosphatase. 

7. Oxalate inhibits the effect of potassium on the phosphate transfer 
from 2-phosphopyruvate to creatine. It also inhibits the effect of Kt 
on the phosphorylations accompanying pyruvate oxidation without 


affecting the oxygen uptake. 
8. Both inorganic phosphate and Na* in relatively high concentrations 
are inhibitory to the transfer of phosphate from 3-phosphoglycerate to 


creatine. 
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(Received for publication, June 4, 1943) 


In human cystinuria, Brand, Cahill, and Harris (1) found a marked 
increase in cystine excretion following the administration of both methio- 
nine and cysteine and, but to a far less extent, with glutathione. Brand, 
Cahill, and Block (2) also found, in human cystinuria, that homocysteine 
would cause the excretion of extra urinary cystine, while homocystine would 
not. The finding with respect to methionine and cysteine has been con- 
firmed by other investigators. 

Following the observation that cysteine, homocysteine, and glutathione, 
all SH compounds, increased urinary cystine in human cystinuria, Brand, 
Block, Kassell, and Cahill (3) studied the effect of a derivative of cysteine, 
S-carboxymethyleysteine. This compound, according to these workers, 
produced a decreased excretion of urinary cystine as measured by the Sulli- 
van method. This they attributed to the formation of thioglycolie acid 
from the S-carboxymethyleysteine which combines with cysteine to yield 
a mixed disulfide. Ether extracts of the urine after reduction with zinc 
and hydrochloric acid gave indications of the presence of thioglycolic acid. 
Lough, Perilstein, Heinen, and Carter (4) also fed S-carboxymethyleysteine 
to a cystinuric patient and found some decrease in the excretion of cystine 
but were unable to detect the presence of thioglycolic acid in the urine 
after reduction with zine and hydrochloric acid. 

Hess and Sullivan (5) have studied the excretion of urinary cystine in 
two male, cystinuric Irish terriers. When the dogs were fed a diet contain- 
ing 10 per cent casein, they excreted approximately 40 mg. of cystine daily. 
The excretion of cystine could be increased by feeding either methionine 
or cysteine and the effect in both cases was of the same order of magnitude. 
As these dogs were excellent experimental subjects whose diets could be 
completely controlled, it seemed desirable to study further the effect of feed- 
ing SH compounds, especially derivatives of cysteine, upon the excretion 
of urinary cystine. 


EXPERIMENTAL 


The urinary cystine was determined after precipitation with cuprous 
chloride as previously described (5). The diet employed was the 10 per 
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cent casein diet used in the earlier work with the cystinuric dogs (5). The 
same two dogs, Nos. 32-T and 38-U, were fed, as before, 150 gm. of the diet 
daily for the first portion of the experiment. These first experiments were 
done during the winter months; the second series of experiments was per- 
formed during July and August and because of the heat the daily ration was 
reduced to 100 gm. daily for each dog. Subsequently a third series of 
experiments was done on Dog 38-U with 150 gm. of the diet daily. Table] 
shows the daily excretion of the principal urinary constituents during the 
control periods of these three series of experiments. The number of control 
days in the first and second experimental periods was 8 days each and in 
the third series, 6 days. The daily values from which the averages are 
computed are, in all cases, close together. 


TABLE | 
Average Daily Urinary Excretions at Two Levels of Food Intake 
of 10 Per Cent Casein Diet 


Dog No Food intake Cystine Nitrogen Total S Neutral S 

cm um gm vm cm 
32-T 150 0.046 1.97 0.167 0.055 
38-U 150 0.043 2.10 0.169 0.052 
32-T 100 0.032 1.38 0.120 0.057 
38-U 100 * 0.032 1.36 0.118 0.052 
38-U* 150 0.038 1.85 


0.167 0.062 


* Third series of experiments. 


Preparation of Sulfur Compounds—Diglycyleystine was prepared by the 
method of Fischer and Suzuki (6). The glycyleysteine was prepared by 
the precipitation of its cuprous mercaptide following the addition of cuprous 
chloride to a solution of diglycyleystine. This is essentially the Rossouw- 
Wilken-Jorden method (7) for the preparation of cysteine cuprous mercap- 
tide. The copper compound of glycyleysteine was then treated in a manner 
similar to that employed by Pirie (8) in the preparation of glycyleysteine. 
The material was not crystalline but was obtained as a dry, white powder. 
The peptides were analyzed by hydrolyzing weighed samples and determin- 
ing the cystine and cysteine respectively in the hydrolysates by the Sullivan 
method; the yields were practically theoretical in both instances. Nitrogen 
and sulfur analyses were also performed. Glycyleysteine, theory, N 15.72, 
S 17.82 per cent; found, N 15.38, 8 17.37 per cent; diglycylcystine, theory, 
N 15.91, 8 18.09 per cent; found, N 15.62, 8 17.54 per cent. 

The thiazolidinecarboxylic acid was prepared from cysteine hydrochloride 
by the method of Ratner and Clarke (9). It melted at 196-197°. Analysis, 
theory, N 10.52, 8 24.05 per cent; found, N 10.53, S 24.03 per cent. 
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The homocysteine was prepared from methionine. The methionine was 
converted into homocysteine thiolactone hydroiodide according to the 
procedure of Baernstein (10). The thiolactone hydroiodide was then 
converted into homocysteine according to the procedure of Riegel and du 
Vigneaud (11). A portion of the homocysteine was oxidized to homocys- 
tine by the procedure of Patterson and du Vigneaud (12). Analysis, 
homocystine, theory, N 10.45, 8 23.95; found, N 10.20, S 23.62; homocys- 
teine, theory, N 10.37, 8 23.72; found, N 10.20, 8 23.42 percent. Titration 
of the homocysteine with potassium iodate in the presence of potassium 


TABLE II 


Total Urinary Excretion for 4 Day Period during Ingestion 
of Various Derivatives of Cystine and Cysteine 


Dog No Substance fed jAmogat _ — Teel [Neutral 
gm. gm. | gm. gm. gm 
32-T* | Glycyleystine 3.0 0.181 | 10.2 1.057 0.453 
38-U* | Glycylceysteine 3.0 0.199 | 11.0 |0.977 0.314 
38-Ut $i 3.0 0.192 7.9 1.000 \0.281 
38-U* | Thiazolidinecarboxylic acid 2.2 0.181 7.7 10.931 |0.332 
32-Tt | Homocysteine 4.0 0.156 6.0 0.977 (0.172 
38-Ut - 4.0 0.202 7.8 |1.337 |0.254 
38-Ut Homocystine 4.0 (0.129 | 5.5 (1.052 |0.196 
82-Tt Potassium tetracarboxymethylcystine 6.2 0.129 5.8 0.737 0.372 
38-U} 2 dicarboxymethyleysteine 6.2 0.130 6.2 0.868 (0.554 
32-Tf | S-Carboxymethyleysteine 6.0 0.121 5.9 1.268 0.607 
38-Ut ry 6.0 0.118 5.9 (1.298 0.634 


* First series of experiments on a 150 gm. daily food intake. 
t Third series of experiments on a 150 gm. daily food intake. 
t Second series of experiments on a 100 gm. daily food intake. 


iodide in 2 per cent hydrochloric acid solution showed the sample to be 97 
per cent in the form of homocysteine. 

The S-carboxymethylcysteine was prepared by the method of Michaelis 
and Schubert (13) from cysteine hydrochloride. In the freshly prepared 
state it melted at 175-176°. The fully dried sample melted sharply at 
191-192°. Analysis, theory, N 7.82, 8 17.88 per cent; found, N 7.69, 8 
17.51 per cent. 

The tetrapotassium tetracarboxymethylcystine diacetate and the di- 
potassium dicarboxymethyleysteine acetate were prepared according to the 
procedure of Michaelis and Schubert (13). Analysis, tetrapotassium tetra- 
carboxymethyleystine diacetate, theory, N 3.76, 8 8.60 per cent; found, N 
3.73, 8 8.25 per cent; dipotassium dicarboxymethyleysteine acetate, theory, 
N 3.75, S 8.58 per cent; found, N 3.84, S 9.27 per cent. Titration of the 
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dipotassium dicarboxymethyleysteine acetate with potassium iodate in 
the presence of potassium iodide in 2 per cent hydrochloric acid solution 
showed the sample to be 96 per cent in the reduced form. 

Table II presents the data on the effect on the urinary constituents of 
feeding the above compounds to the two dogs. Of the amount of each 
compound indicated, one-half was fed daily for 2 successive days and the 
urine was collected for these 2 days and also for the next 2 days to insure 
complete elimination of any cystine produced by the ingestion of the sub- 


stance administered. 
DISCUSSION 


Of all the compounds fed only two produced any extra urinary cystine, 
homocysteine and glycylcysteine, and these to a limited degree. The 3.0 
gm. of glycyleysteine, 100 per cent in the reduced form, correspond to 2.0 
gm. of cysteine and produced, as shown in Table III, only 27 mg. and 
40 mg. of extra cystine in two separate experimental periods, while the 
same amount of cysteine, fed as the hydrochloride, to the same dog, No. 
38-U, produced 213 mg. of extra cystine (5). 4 gm. of homocysteine, 97 
per cent in the reduced form, produced 28 mg. of extra cystine in Dog 32-T 
and 50 mg. of extra cystine in Dog 38-U. The same amount of homocys- 
tine produced no extra cystine in Dog 38-U. 

Thiazolidinecarboxylic acid, in which both the sulfur and the nitrogen 
of the cysteine are bound in a methylene ring, had no effect on urinary 
cystine excretion. Of the sulfur fed in this compound only 48 per cent was 
excreted in the urine, about one-half as neutral sulfur and one-half as sul- 
fate sulfur. 

Both Brand et al. (3) and Lough et al. (4) report a decrease in the excretion 
of urinary cystine when S-carboxymethyleysteine was fed to human cys- 
tinurics. When this compound was fed to the two dogs, a slight decrease 
in extra urinary cystine was produced, 7 mg. in Dog 32-T and 10 mg. in 
Dog 38-U. The cystine in the dog urine was determined after precipita- 
tion by cuprous chloride as earlier detailed (5). If a mixed disulfide of 
cysteine and thioglycolic acid had been formed following the ingestion of 
this compound, cuprous chloride should have precipitated the copper mer- 
captides of both cysteine and of thioglycolie acid. The thioglycolie acid, 
after removal of the copper, would be titratable by iodine in the Okuda 
method (14) and the Okuda value on this urine would have been higher 
than the Sullivan value. This was not the case, and apparently no mixed 
disulfide was formed in these dogs and excreted in the urine. That no 
extra cystine was found following the administration of S-carboxymethyl- 
cysteine may be in conformity with the fact that this compound does not 
support the growth of rats on a sulfur-deficient diet (3). While 74 and 77 
per cent (Table III) of the sulfur fed was excreted in the urine by the two 
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dogs, about one-half was excreted as unoxidized sulfur. The low urinary 
excretion of the sulfur of these various complexes of cystine and cysteine 
is in agreement with the findings of others (1, 2, 4). 

With the two compounds in which only the nitrogen was bound, tetra- 
potassium tetracarboxymethyleystine diacetate and dipotassium dicar- 
boxymethylceysteine acetate, no extra cystine was produced. On the basis 
of the compounds fed it is evident that when the sulfur alone, sulfur and 
nitrogen together, or nitrogen alone of the cysteine is bound to some other 
group there is no formation of extra urinary cystine. Glycyleysteine, 
however, gave some extra cystine but only about 13 per cent of that given 


TABLE III 


Urinary Excretion of Extra Cystine and Sulfur following Ingestion of Various 
Derivatives of Cystine and Cysteine (4 Day Period) 


Dog No Substance fed Cystine Sulfur —— 
gm. gm. per cent* gm. 
32-T | Glycyleystine —0.003 | 0.389 72 0.233 
38-U | Glycyleysteine 0.027 | 0.301 56 0.106 
38-U ” 0.040 0.332 62 0.033 
38-U  Thiazolidinecarboxylic acid 0.009 | 0.255 48 0.124 
32-T Homocysteine 0.028 | 0.497 53 —0.056 
38-U _ 0.050 | 0.669 71 0.006 
38-U Homocystine 0.001 | 0.580 60 —0.012 
32-T Potassium tetracarboxymethylcystine 0.001 0.257 {8 0.144 
38-U = dicarboxymethylcysteine 0.002 | 0.396 74 0.346 
32-T | S-Carboxymethyleysteine —0.007 0.788 74 0.379 


38-U “a —0.010 0.826 i 0.426 


* Per cent of the sulfur of the ingested compound. 


by an equivalent amount of cysteine in the first experiment and 19 per cent 
of that in the second experiment. Whereas, with Dogs 32-T and 38-U, 
2 gm. of cysteine gave an average increase in cystine excretion of 145 mg. 
(5), 8 gm. of homocysteine produced an average extra cystine excretion of 
only 39 mg. 

It may be noted that in the homocysteine experiment, despite the in- 
crease in cystine, only 60 per cent of the added sulfur was excreted and, on 
the average, no extra neutral sulfur. Irregularity in sulfur excretion after 
various cystine and cysteine complexes were fed was mentioned by Hele 
and Pirie (15) and by Brand, Cahill, and Block (2). We interpret our 
findings to the effect that the homocystine and homocysteine absorbed are 
fully oxidized to sulfate. The experiment with the homocysteine implies 
also that no homocystine or homocysteine was excreted. In this respect 
the dogs differ from the human as described by Brand, Cahill, and Block 
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(2). The lowering of the total sulfur excreted, total sulfur of the basal 
diet plus total sulfur of the compound fed, was commented on by Brand 
et al. (1) in the case of their human cystinuric. Brand, Cahill, and Block 
(2) report that only 32 per cent of the homocystine and 66 per cent of the 
homocysteine fed were found as extra sulfur in the urine. 

Brand et al. (1) found that glutathione gave a very slight increase in 
cystine excretion in a human cystinuric, whereas Hele, Hopkins, Lawrie, 
Leese, Meldrum, and Pirie, according to Hele and Pirie (15), found that 
a eystinuric could oxidize 3 gm. of glutathione, given by mouth, as readily 


as cystine. 
SUMMARY 


When S-carboxymethyleysteine, diglycyleystine, thiazolidinecarboxylic 
acid, tetrapotassium tetracarboxymethylcystine, or dipotassium dicarboxy- 
methyleysteine was added to the basal diet fed two cystinuric dogs, no 
extra cystine was excreted, and only a slight increase was observed with 
homocysteine and glycyleysteine. On the basis of the compounds fed it is 
evident that when the sulfur alone, sulfur and nitrogen together, or nitrogen 
alone of the cysteine is bound to some other group there is little, if any, 
formation of extra urinary cystine. Glycyleysteine gave only 13 to 19 
per cent as much extra cystine as did an equivalent amount of cysteine; 
homocysteine was more effective in that it gave 27 per cent as much extra 
eystine as was given by an equivalent amount of cysteine. 

With S-carboxymethyleysteine there was a slight decrease in the urinary 
cystine but no evidence of the formation of a mixed disulfide and in the case 
of homocystine and homocysteine no evidence of their excretion unoxidized. 
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Only one systematic study of the distribution of tocopherol in animal 
tissues seems to have been made (1) and this was accomplished by the 
laborious biological assay. Although direct evidence on the réle of tocoph- 
erol in cellular metabolism is thus far confined to its action in muscle 
(2, 3), its presence in other tissues, whether as functional or as stored 
material, calls for a reliable chemical method of assay. When the tech- 
nique of Devlin and Mattill (4) for the determination of tocopherol in 
muscle was applied to liver tissue, its shortcomings became immediately 
obvious. This paper describes the modifications by which that method 
appears to have been improved and made adequate for use with liver, urine, 
and feces. 

With extracts of liver tissue prepared as deseribed for muscle (4), un- 
reasonably high readings were obtained at the end of 10 minutes and these 
were still increasing after 2 hours. The gradual increase in color pro- 
duction in the presence of cholesterol was confirmed both in a benzene 
solution of tocopherol and cholesterol and in liver extracts. Such extracts 
even after adsorption on florisil and treatment by the acid-alkali technique 
of Parker and McFarlane (5) still contained cholesterol. On the other 
hand, when a solution of tocopherol and cholesterol in benzene was ad- 
sorbed on florisil, cholesterol was completely removed and none of the 
tocopherol was adsorbed; something in the complex extract obtained 
from liver interfered with the complete removal of cholesterol by ad- 
sorption. 

This substance appeared to be vitamin A; when a solution of cholesterol, 
tocopherol, and a vitamin A concentrate! in benzene was similarly ad- 
sorbed, a considerable amount of cholesterol remained in the solution. 
The presence of vitamin A in the liver extracts, even after adsorption on 
florisil, was indicated by the transient purple color (6) appearing upon 
the addition of 85 per cent sulfuric acid in the acid-alkali treatment. 
Vitamin A was apparently destroyed by this procedure, because when a 
second acid-alkali treatment was applied to such mixtures, the intense 
purple color which appeared in the first acid treatment was entirely absent. 


' Courtesy of Distillation Products, Inc., and Dr. Hickman, 
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When liver extracts, after a single acid-alkali treatment, were passed 
through two columns of florisil, stable colorimeter readings were obtained, 
Such extracts still contained some cholesterol, but small amounts ap- 
parently do not seriously derange the course of color development. The 
reason for the incomplete adsorption of cholesterol under these conditions 
remains to be discovered. 

In two respects, therefore, the original method was altered; the order of 
adsorption on florisil and acid-alkali treatment was reversed and a second 
adsorption on florisil was introduced. With these modifications liver ex- 
tracts gave maximum color intensity at the end of either 10 or 20 minutes, 
Readings at 20 minutes were usually not more than 3 or 4 units greater 
than at 10 minutes, and since pure tocopherol solutions produce maximum 
color development at 10 minutes, all readings were made at that time. 
With muscle extracts, the reversal of the order of acid-alkali treatment and 
a single adsorption were sufficient; extracts so prepared gave maximum 
color development at the end of 10 minutes as against 30 minute readings 
heretofore used. 

The method finally employed, embodying these and other minor modifi- 
‘ations, was as follows: Liver tissue (8 to 10 gm.) was shredded in 60 ml. 
of Skellysolve B? (SSB) and 70 ml. of redistilled absolute alcohol in an ice- 
cooled Waring blendor. The insoluble tissue residue, after centrifugation, 
was subjected to three similar extractions. The four clear supernatant 
liquids were pooled in a 2 liter separatory funnel and partitioned into an 
alcohol-water and a petroleum ether phase by the addition of 600 ml. of 
water. The separatory funnel was gently whirled, sufficient alcohol was 
added to break the emulsion, and the petroleum ether fraction usually 
cleared within a few minutes. The alcohol-water fraction was then ex- 
tracted three times with 150 ml. of SSB. The petroleum ether fractions 
were pooled and distilled under nitrogen at reduced pressure on a hot 
water bath. The clear residual oil was taken up in 25 ml. of purified Skelly- 
solve E? (SSE). To 10 ml. of this solution in a glass-stoppered centrifuge 
tube, 2 ml. of 85 per cent sulfuric acid were added, and after shaking, the 
tube was centrifuged for 5 minutes. As much of the clear supernatant 
as possible was then drawn off and transferred to a second glass-stoppered 
centrifuge tube, 5 ml. of 1 per cent potassium hydroxide were added, and, 
after shaking, the tube was centrifuged for 10 minutes. 7 ml. of the clear 
supernatant were drawn off and evaporated to dryness under nitrogen on a& 
boiling water bath. The residue was taken up in 7 ml. of c.p. benzene, 
6 ml. of which were passed through a 70 X 12 mm. column of florisil through 

? Purified by shaking three times with concentrated sulfuric acid, and washing with 


water, dilute sodium hydroxide, and water; dried over anhydrous calcium chloride 
and distilled. 
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which 10 ml. of benzene had previously been passed to moisten the column. 
The column was washed with 3 to 5 ml. portions of benzene, and the result- 
ant solution evaporated to dryness under nitrogen on the water bath. 
The residue, containing the tocopherols, was taken up in 6 ml. of benzene, 
5 ml. of which were passed through a second similar column of florisil. 
After again being washed and evaporated to dryness, the residue was taken 
up in 5 ml. of SSE, 20 ml. of the modified a,a’-bipyridine reagent* were 
added, and the resultant color read at the end of 10 minutes in a Klett- 
Summerson photoelectric colorimeter with a No. 52 light filter. Tocoph- 
erol values were then read on a calibration curve. 

When known amounts of tocopherol were added to the blendor along 
with liver tissue, other portions of which were analyzed without such addi- 
tions, the amounts of tocopherol recovered corresponded closely to those 
expected, as shown in Table I. Such figures for recovery are not completely 


TaBLe I 
Recovery of a-Tocopherol Added to Liver Tissue 


Tocopherol content of Tocopherol added Total tocopherol found (c) — (a 


sample Recovery, xX 100 
a (b (c) ) 
7 7 Y per cent 
103.4 100.0 200.0 96.6 
67.0 100.0 170.0 103.0 
111.5 150.0 255.0 96.3 
Average recovery 98 .6 


valid evidence for the accuracy of the method, but they are certainly fa- 
vorable. 

The variations in tocopherol content of muscle and liver under various 
dietary régimes, as determined by this method, are recorded in Table IT. 
It is apparent, as first shown by Mason (1), that the liver of the rat and 
rabbit may store tocopherol when the vitamin is generously supplied in the 
diet. The muscles of both species also appear to store it but to a less ex- 
tent. The present figures for the tocopherol content of rat muscle are 
somewhat lower than the values reported by Devlin and Mattill (4). This 
difference may be related to the changes in procedure; those readings were 
made at the end of 30 minutes, these at the end of 10 minutes. Since pure 
tocopherol solutions and most of our tissue extracts attain maximum 
color development at the end of 10 minutes, it is not unlikely that the 
color development taking place after this time may be due to the oxidation 


* 250 mg. of ferric chloride hexahydrate and 500 mg. of a,a’-bipyridine made up to 
l liter with glacial acetic acid. 
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of substances unrelated to tocopherol, substances which by the revised 
technique are more completely removed from the extracts. 

These new and lower figures for so called normal animals still further 
reduce the “minimum fertilitv dose’’ of muscle tissue but the adequacy of 
tocopherol in some commercial animal feeds has been questioned (1): 
recently in a neighboring laboratory,‘ male rats raised on a dog biscuit diet 
were found to be sterile, with a histological picture of the testes typical 
of vitamin E-deficient rats. This may also explain the similarity of the 
liver content of normal and deficient animals, both rats and rabbits. By 

TABLE II 


Effect of Diet on Tocopherol Content of Liver and Muscle 


The results are expressed in mg. of tocopherol per kilo of tissue 





High vitamin E* Normalt Vitamin E-deficient 
Liver Muscle Liver Muscle Liver Muscle 
Rats, males 52.8 15.6 20.1 5.6 24.3 3.9 
17.2 9.4 19.6 8.7 19.5 6.4 
26.8 10.7 26.5 8.3 23.5 5.4 
24.1 3.2 
Average $2.3 11.9 22.1 7.5 22.6 1.8 
tabbits S68 28.1 8.5 10.6 8.3 3.5 
OS 6.5 8.9 8.0 
7.0 11.2 5.5 
Average 9.2 8.0 9.4 5.7 


* Ground dog chow supplemented with vitamin E concentrates so that each rat 
received an estimated 100 mg. of tocopherol daily. The rabbits received a vitamin 
i-deficient diet supplemented with synthetic dl-a-tocopherol so that each animal 
received an estimated 18 mg. daily 

t Dog chow or rabbit chow 
the revised technique, the tocopherol content of muscle from animals on an 
enriched diet was also lower than that heretofore reported (4). As indi- 
cated below, much of the tocopherol in such diets may not be absorbed. 

Some importance may attach to the relatively high content of tocopherol 
in rat liver as compared with rat muscle under all conditions of feeding, in 
contrast to the much smaller differences between liver and muscle of rabbits 
under vitamin EF deprivation or on supposedly normal diets. Abundant 
hepatic storage capacity might explain the protracted vitamin E depriva- 
tion which rats may undergo without demonstrating the critical shortage 
to which rabbits succumb in much shorter time. 

Evidence for the importance of tocopherol in muscle metabolism has 


‘Fugo, N. W., personal communication, 
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recently been reviewed (7) and, since tocopherol phosphate, but not tocoph- 
erol itself, altered the course of oxidation in vitro (2), it is conceivable that 
in animal tissues the vitamin might occur bound in such a fashion that 
simple extraction with organic solvents does not remove it. Muscle resi- 
due, after four extractions with SSB and aleohol in the usual manner, was 
twice extracted with these same solvents containing 5 ml. of concentrated 
hydrochloric acid. The two resulting extracts were pooled and analyzed 
for tocopherol by the original method (4). The results from muscle of 
three normal rats indicated that 4.5, 2.9, and 3.2 mg. of additional tocoph- 
erol per kilo of muscle had been thus released, from three rats on a high 
tocopherol diet 2.1, 1.7, and 2.1 mg., and from a single vitamin E-deficient 
rat 2.1 mg. Perhaps these figures represent some reacting substance other 
than tocopherol but the requisite properties as to solubility, adsorption, 
and survival after acid-alkali treatment leave little choice for speculation. 
Among the agencies concerned in biological oxidations are several phos- 
phorylated substances bound to protein. 

Tocopherol is readily oxidized to tocopherylquinone in vitro (8) and if 
this oxidation occurs in animal tissues, the process is not reversible (9). 
The finding of tocopherylquinone in dog plasma (10) suggested that the 
utilization of tocopherol might take place in this manner. The cyclization 
procedure of Tishler and Wendler (11) provided a technique applicable to 
tissue extracts, by which the presence of tocopherylquinone could be 
demonstrated. When the original extracts of muscle or liver were sub- 
jected to cyclization prior to acid-alkali treatment and double adsorption, 
it was possible to find 95 per cent of the tocopherol present in non-cyclized 
extracts, but not more. This was true whether the tissues came from rats 
on stock diets or from rats on diets high or deficient in tocopherol. 

Information concerning the excretion of tocopherol is limited to the re- 
ports of McArthur and Watson (12) who were unable to demonstrate its 
presence in cow urine and of Cuthbertson and coworkers (13), who, by a 
spectroscopic method, were unable to detect it in liver extracts of rats on 
diets high in tocopherol. The present method seemed to offer a means of 
answering this question. 

The urine of two rats, receiving an estimated 100 mg. of tocopherol daily 
for 2 months previously and during the test, was collected for 5 days and 
pooled. On the chance that tocopherol might be excreted in conjugated 
form, the urine was acidified to pH 1 and refluxed for 4 hours; on cooling, 
it was extracted four times with purified SSB, the solvent was distilled off 
under nitrogen at reduced pressure, and the residue was analyzed for 
tocopherol. In agreement with previously reported results, no tocopherol 
was found, even under conditions of excessively high intake. Application 
of the cyclization procedure (11) to the residue and subsequent analysis for 
tocopherol also gave completely negative results, indicating that tocoph- 
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erylquinone is not excreted in the urine of rats receiving massive doses 
of tocopherol. 

The feces of these rats were examined for tocopherol, and although quan- 
titative observations were not made, the results indicated that very large 
amounts were present, whereas feces of rats on a stock diet gave completely 
negative results. 

Since liver might be expected to offer a greater amount and variety 
of interfering substances than any other animal tissues, the method de- 
scribed may have general application. This has not been demonstrated 
and, for the present, the development and application of this method may 
not be continued; it is hoped that others interested may find it reliable and 
may improve upon it. 


SUMMARY 


With further modifications of the method based on the iron-a, a’-bipyri- 
dine color reaction, the tocopherols in liver tissue and in urine and feces 
have been determined. 

The tocopherol content of rat and rabbit liver tissue from animals on 
diets high in tocopherol, commercial laboratory chow, and on vitamin E- 
deficient diets averaged 42.3, 22.1, 22.6, and 86.8, 9.2, and 9.4 mg. per kilo 
respectively. Muscle tissue of the same animals averaged 11.9, 7.5, 4.8, 
and 28.1, 8.0, and 5.7 mg. per kilo respectively. No tocopherol was found 
in the urine of rats on high tocopherol intake, nor was evidence obtained 
for the presence of tocopherylquinone in liver or muscle or its excretion in 
the urine, although considerable tocopherol was found in the feces under 
those conditions. Evidence was obtained indicating that not all the 
tocopherol is removed from tissues by simple extraction with organic 
solvents. 

The possible significance of these findings is indicated. 
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THE RECOVERY OF CRYSTALLINE THYROXINE FROM 
IODINATED CASEIN* 


By E. P. REINEKE anp C. W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 
(Received for publication, May 27, 1943) 


In previous reports from our laboratory, it has been shown that the 
thyroidal potency of iodinated proteins is determined by the extent of 
iodination and also the conditions maintained in the reaction medium 
during and subsequent to the iodination. Other factors being held con- 
stant, maximum activity is obtained (1, 2) when the iodine is limited to the 
amount required for substitution of 2 atoms per mole of tyrosine in the 
protein. If the iodine input is held constant at this optimal level, and the 
temperature is elevated to approximately 70° during the subsequent incuba- 
tion period of 18 to 20 hours (3), products with surprisingly high thyroidal 
potency are obtained. Assayed by their metabolic effect when given orally 
to guinea pigs, these preparations show 3 to 4 per cent of the effect of pure 
thyroxine administered in the same manner. When injected into tadpoles, 
they produce a metamorphosis response equivalent to 8 to 11 per cent of 
that produced by thyroxine. 

Ludwig and von Mutzenbecher (4) and Harington and Rivers (5) first 
reported that thyroxine could be isolated from iodinated proteins that had 
been prepared under narrowly limited conditions. 

In view of the high biological activity of iodinated proteins that were 
prepared under the optimal conditions established by our previous studies, 
it appeared likely that a much higher yield of thyroxine should be obtained 
from them than had previously been reported. Data that show this to be 
the case have now been obtained and are presented in this report. 


EXPERIMENTAL 

The iodinated casein used for the hydrolysis and recovery of thyroxine 
was taken from a large batch that had been prepared under the optimal 
conditions described previously (3). A commercial grade of acid-precipi- 
tated casein was suspended in distilled water containing 0.7 per cent sodium 
bicarbonate, in the ratio of 100 gm. of casein to 4 liters of solution. The 
solution was heated to 40° with continuous stirring, and finely powdered 
iodine was then added intermittently over a period of about 4 hours in the 
ratio of 17.6 gm. of iodine per 100 gm. of casein. When all the iodine had 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
Experiment Station, Journal Series, No. 895. 


55! 





556 THYROXINE 


been combined with the casein, the temperature was increased to 70°, and 
the mixture was held at this temperature, with strong, continuous stirring 
for 20 hours. 

The iodinated protein was precipitated by the addition of dilute hydro- 
chloric acid to a pH of about 4.0. The liquid was siphoned off, and the 
precipitate was partially purified by resuspending it with the aid of sodium 
hydroxide and precipitation with dilute hydrochloric acid. After this proce- 
ess was repeated twice, the iodinated protein was recovered by filtration, 
dried, and ground to a fine powder. 

Thyroxine was recovered by a procedure similar to that described by 
Ludwig and von Mutzenbecher (4). 100 gm. of the iodinated protein, 
prepared as outlined above, were mixed with 640 ml. of distilled water, and 
placed in a digestion flask. 320 gm. of Ba(OH)2-8H:O were added, and 
the solution was agitated occasionally while being heated until the barium 
hydroxide was all dissolved. The solution was then boiled gently under a 
reflux for 20 hours. The precipitate of barium salts was removed by run- 
ning the hot solution through a suction filter. The precipitate (A) and 
filtrate (B) were then treated separately as follows: Precipitate A was 
treated with dilute HCI, with vigorous stirring until the reaction became 
slightly acid to Congo red, filtered with suction, and washed with dilute 
acetic acid. Filtrate B was cooled, and the crystalline Ba(OH): was re- 
moved by filtration, redissolved, and crystallized again, and the second 
filtrate was combined with the first. The combined filtrate was acidified 
with dilute HCl to pH 4.5 to 5.0, whereupon a light colored precipitate 
settled out. The precipitate was recovered by centrifuging, washed several 
times with dilute acetic acid, dried, and added to Precipitate A. After 
being dried, the combined precipitate was extracted with three changes of 
ether, and then dissolved in 0.1 N NaOH solution containing a small amount 
of sodium sulfate for removal of the barium, and heated to boiling. The 
barium sulfate was removed by centrifuging, this process being repeated 
until a clear amber-colored supernatant solution was obtained. The solu- 
tion was heated to 90° and cautiously acidified with dilute sulfuric acid 
until a granular precipitate formed (pH 5.0). The precipitate was re- 
covered by filtration, washed with dilute acetie acid, and dried in vacuo over 
magnesium perchlorate. In two different separations yields of 3.14 and 
3.40 gm. of acid-insoluble substance were obtained from 100 gm. of protein. 
In the first trial, all of the acid-insoluble fraction was used for the isolation 
of thyroxine; in the second a small amount was retained for analysis and 
assay. 


The acid-insoluble substance was dissolved in the minimum amount ot 


0.1 N sodium carbonate solution, centrifuged to remove traces of undis- 
solved, dark colored substance, and then chilled to 0°. A heavy white 
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precipitate of the monosodium salt of thyroxine formed. The precipitate 
was collected by centrifuging, and purified by crystallizing several times 
from 0.1 N Na,CO; solution. Additional amounts of the monosodium salt 
were Obtained by successively concentrating the mother liquors by boiling, 
and purifying the white precipitate that formed upon cooling. 

The monosodium salt was taken up in 70 per cent alkaline alcohol, heated 
to boiling, and acidified with acetic acid. Thyroxine separated immediately 
in the characteristic bundles of microscopic needles. It was purified by 
a second crystallization from hot 0.1 N sodium carbonate, and finally from 
boiling alkaline aleohol. In one instance a yield of 424 mg. of crystalline 
thyroxine was obtained by this process from 100 gm. of iodinated casein. 
In the second trial a yield equivalent to 385 mg. was obtained. 

Analyses and Biological Assays—The preparations were analyzed for io- 
dine by the method of Kendall as described by Harington (6). Assays on 
tadpoles were conducted as described previously (3). For the metabolic 
assays, the substances to be tested were weighed accurately, dissolved in 
distilled water with the aid of a small amount of sodium hydroxide, and 
administered orally in proportion to body weight. Beginning on the 6th 
day of dosage, the carbon dioxide production was determined gravimetri- 
cally in a modified Haldane type of open circuit respiration apparatus. All 
feed was removed at 9.00 a.m., and the metabolism determinations were 
made for a period of 1 hour on each animal during the afternoon. As a 
measure of the amount of metabolic stimulation, the percentage increase 
in carbon dioxide production above the normal control values obtained 
under the same conditions was calculated. 

The iodinated casein prepared for these experiments contained 7.5 per 
cent of iodine. When administered orally to four guinea pigs at the rate 
of 0.4 mg. per 100 gm. of body weight daily, the carbon dioxide output was 
increased by an average of 38.6 per cent during 4 days from the 6th to 9th 
day of dosage. By comparison with a reference curve that was established 
by administration of thyroxine to guinea pigs at various levels under similar 
conditions, it was determined that this response is equivalent to 12 y of 
thyroxine. Therefore, the iodinated casein actually showed 3 per cent of 
the potency of thyroxine, if they are compared on an equal weight basis. 
In three different assays on tadpoles the iodinated casein showed an average 
of 8.6 per cent of the potency of thyroxine, or approximately 2.8 times the 
value obtained on guinea pigs. This agrees with the relationship between 
these methods of assay established previously (3). 

Data on the recovery of crystalline thyroxine from this iodinated protein 
are given in condensed form in Table I. The high thyroidal potency of 
the iodinated casein prepared by our method is borne out by the increased 
vields of thyroxine obtained from it. Our recovery of crystalline thyroxine 
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amounted to 0.424 and 0.385 per cent, respectively, in two separate trials, 
as compared to a yield of approximately 0.100 per cent reported by Ludwig 
and von Mutzenbecher (4) and Harington and Rivers (5). 

It is of considerable interest to attempt to correlate the vield of crystalline 
thyroxine obtained with the thyroidal potency of the original iodinated 
vasein. Our maximum yield of 0.424 per cent would appear at first hand 
to account for only about one-seventh of the potency of the iodinated casein, 
since this preparation showed 3.0 per cent of the thyroidal effect of thyrox- 


TABLE I 
Yield, Analysis, and Metabolic Assay of Thyroxine and Thyroxine Concentrate 
Obtained from Iodinated Casein 


Metabolic assay 


Preparation Yield }.—J Assay | No. of siete 
“No. guinea | Dosage) 541 | Trial | T:ial | Trial Com. 
k 1 2 3 pined 
average 
per per vy per | per | per | per | per per 
cent cent 100 gm cent cent cent cent cent 
Hydrolysis 1, acid- | 3.14 
insoluble sub- 
stance 
Thyroxine 0.424) 64.8 l j 8 29.4, 24.5) 32.7) 31.4) 29.5 
65.0 
Hydrolysis 2, acid- | 3.40 40.12 1 { 13 | 31.3) 30.8) 29.2 30.4! 30.4 
insoluble sub- 10.12 
stance 
Thyroxine 0.385 63.6 2 t 10 | 34.7) 25.0 29.8 
63.6 
Assay standard, syn- 65.0 2 f 10 | 30.9) 28.5 29.7 


thetic thyroxine 


* The CO: production was determined between the 6th and the 10th day after 
oral dosage of the test substance was begun, and computed as the percentage in- 


crease above normal control values obtained under the same conditions 


ine when tested on guinea pigs. We have been able to establish recently, 
however, that the thyroxine as it occurs in the iodinated casein molecule 
actually exists in the levorotatory form. (See the paper following.) Our 
own data, as well as the report of Foster et al. (7), indicate that /-thyroxine 
has twice the calorigenic effect of the usual d/ mixture obtained after hy- 
drolysis of thyroxine-containing proteins with alkali. The apparent 
thyroidal effect of the protein should therefore be divided by 2 for compari- 
son with the yield, since it was assayed against racemic thyroxine. On this 
basis the actual yield of crystalline thyroxine is approximately 28 per cent 
of the value indicated biologically. It is well recognized, furthermore, that 
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the isolation of thyroxine is far from quantitative, owing both to destruc- 
tion during hydrolysis, and to unavoidable losses during the process of 
purification. 

For this reason the crude acid-insoluble substance obtained during the 
purification is believed to represent more nearly the actual amount of 
thyroxine present. In the one experiment in which a portion of this frac- 
tion was withheld for analysis and assay, a yield of 3.4 gm. was obtained 
from 100 gm. of starting material. Since the iodine content was 40.1 per 
cent, this would be equivalent to 2 per cent thyroxine in the iodinated 
protein. 13 y of this substance would be equivalent in iodine content to 
8 y of thyroxine. When these amounts of acid-insoluble substance and 
thyroxine, respectively, were administered to groups of guinea pigs on 
which experiments were run side by side in the same assay, the same aver- 
age metabolic response was obtained. If all of the metabolic effect of the 
acid-insoluble substance is assumed to be due to thyroxine, then all of the 
activity of the iodinated protein as shown by the assays on guinea pigs can 
be accounted for by its thyroxine content. 

The assay value of the iodinated protein is equivalent to 3.0 per cent dl- 
thyroxine or about 1.5 per cent of the / form. Thus the value of 2 per cent 
estimated from the acid-insoluble fraction appears to indicate an excessive 
recovery. The discrepancy between the two figures is within the range of 
experimental error of +20 per cent on each assay, however. 

[n all of our investigations of iodinated proteins covering a wide range of 
thyroidal activity, the assay results with tadpoles have run parallel with 
the results on guinea pigs, but have shown absolute values 2.7 to 2.8 times 
as great when expressed on the thyroxine basis. Although the values ob- 
tained on guinea pigs can be accounted for by the amount of thyroxine 
apparently present, further investigation is required before the uniformly 
higher values on tadpoles can be explained. 

By reference to Table I, it will be seen that both samples of thyroxine 
obtained from iodinated casein exerted a metabolic effect that, within the 
limits of experimental error, was identical with that of synthetic thyroxine. 
The iodine contents were 65.0 and 63.6 per cent respectively, as compared 
to 65 per cent in the synthetic standard. The melting point, when the 
material was heated at the rate of 3° per minute, was 230-232°. 

Spectrographic absorption curves obtained on a sample of the thyroxine 
obtained from casein in comparison with synthetic thyroxine are shown in 
Fig. 1. Both samples were dissolved in alkaline butyl alcohol in a concen- 
tration of 0.2 mg. per ml. The absorption of light in the ultraviolet region 
was determined in a Hilger medium quartz spectrograph, together with a 
Hilger-Spekker spectrophotometer, and a 1 cm. absorption cell. The light 
source Was an iron-tungsten spark. 
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As the concentration was the same in both preparations, the extinction 
(log Ip/I) is plotted directly against the wave-length in A. It will be 
observed that the absorption of the two compounds is practically identical 
throughout the range from 2600 to 4000 A. This, together with the 
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cal data and biological assays, can leave no doubt that the crystalline 


substance isolated in high vield from iodinated casein is actually thyroxine. 


An iodinated casein was prepared and crystalline thyroxine was isolated 
from it subsequent to hydrolysis with barium hydroxide in order to deter- 
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mine whether or not the yield of thyroxine could be correlated with the 
thyroidal activity of the iodinated protein. 

In two trials, yields of 424 and 385 mg. of crystalline thyroxine were 
obtained from 100 gm. of starting material. The iodinated protein itself 
showed thyroidal activity equivalent to 3 per cent that of racemic thyrox- 
ine. Since thyroxine is apparently formed in the protein in only the active 
levo form, however, the highest yield obtained would account for 28 per 
cent of the activity of the original iodinated protein. 

An impure acid-insoluble substance containing 40.1 per cent iodine was 
obtained in a yield of 3.4 per cent. A biological assay showed it to have 
activity equivalent to thyroxine when given at the same iodine level. If 
all the activity of this substance is assumed to be due to thyroxine, the 
thyroidal activity of the iodinated casein, as measured by the guinea pig 
assay, would be completely accounted for. 

The identity of the thyroxine obtained was verified by its iodine content, 
melting point, spectrographic absorption, and biological assay. 


The authors wish to acknowledge their appreciation to Dr. V. R. Ells, 
Spectrographic Service, University of Missouri, for the spectrographic 
determinations and to Vernon R. Cupps, student assistant, for assistance 
with the biological assays. 
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THE RECOVERY OF I-THYROXINE FROM IODINATED CASEIN 
BY DIRECT HYDROLYSIS WITH ACID* 


By E. P. REINEKE anp C. W. TURNER 
(From the Department of Dairy Husbandry, University of Missouri, Columbia) 


(Received for publication, May 27, 1943) 


In the preceding report it was shown that iodinated casein prepared 
under optimal conditions will yield somewhat more than 0.4 per cent of 
crystalline thyroxine subsequent to hydrolysis with barium hydroxide. 
Since hydrolysis with strong alkali results in racemization of amino acids, 
however, the thyroxine obtained is a di mixture, and provides no evidence 
as to whether or not it was originally formed in the protein in an optically 
active state. 

The only method used successfully thus far for the isolation of l-thyroxine 
from thyroid gland substance has involved stepwise hydrolysis with prote- 
olytic enzymes and successive purification of the hydrolysates. Harington 
and Salter (1) first reported the recovery of l-thyroxine from thyroid after 
intensive digestion with pepsin and trypsin. Foster ef al. (2) used a similar 
method, but employed 2 Nn sulfuric acid to complete the hydrolysis. 

The early investigations of Baumann (3) and others indicated that iodo- 
thyrin, prepared by hydrolysis of thyroid with 10 per cent sulfuric acid, 
contained a physiologically active substance. However, in later experi- 
ments discussed by Kendall (4) all attempts to isolate thyroxine from iodo- 
thyrin resulted in failure. 

Lerman and Salter (5) reported the stepwise separation of iodinated 
serum protein into T and D fractions by hydrolysis with pepsin and trypsin 
in a manner similar to that observed previously with thyroglobulin (6). 
However, attempts to isolate thyroxine were unsuccessful. At the same 
time that they announced the isolation of crystalline thyroxine from iodi- 
nated casein subsequent to hydrolysis with barium hydroxide, Ludwig and 
von Mutzenbecher (7) reported that they were unable to recover a crystal- 
line product after hydrolysis with either sulfuric acid or proteolytic en- 
zymes. 

As is shown in the preceding paper, we have been able to recover more 
than 0.4 per cent of crystalline thyroxine from iodinated casein prepared 
under optimal conditions, by use of the usual alkaline hydrolysis. During 
the course of this work, it occurred to one of us that, if the iodinated protein 
were hydrolyzed with an acid in the presence of a solvent, the hydrolysis 


* Contribution from the Department of Dairy Husbandry, Missouri Agricultural 
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might go to completion without the destruction of thyroxine that appar- 
ently occurred in all of the previous work. By use of this technique, it has 
been found possible to obtain crystalline /-thyroxine from iodinated casein 
in satisfactory yield by a relatively simple method. 


EXPERIMENTAL 


As a preliminary, the miscibility of n-butyl alcohol with various concen- 
trations of sulfuric acid solution was tested. It was observed that, when 
an aqueous solution containing 18 to 32 per cent sulfuric acid was mixed 
with an equal volume of n-butyl alcohol, the butyl aleohol would separate 
into a clear cut layer. When the 18 per cent acid solution was heated, little 
change in the distribution of the layers occurred. When the 32 per cent 
acid solution was heated, however, the butyl alcohol and sulfuric acid be- 
“ame completely miscible, although they separated again when the solution 
was cooled. 

Hydrolysis with Sulfuric Acid—When a small amount of iodinated casein 
was placed in a solution containing 18 per cent of sulfuric acid together 
with an equal volume of butyl alcohol and heated to boiling, the hydrolytic 
products were largely taken up by the butyl alcohol layer within the course 
of a few minutes, even though the hydrolysis was far from complete. There- 
fore in subsequent work a 32 per cent sulfuric acid solution was used in 
order to obtain more complete hydrolysis. 

In the first attempt by this procedure, 25 gm. of iodinated casein were 
hydrolyzed by heating for 14 hours in a mixture containing equal parts 
of n-butyl alcohol and 32 per cent sulfuric acid. After successive purifica- 
tion of the hydrolysate, 16 mg. of a crystalline substance that was identical 
with thyroxine in its appearance and general properties were obtained. 
Accordingly a larger amount of iodinated casein taken from an entirely 
different lot was worked up in order to obtain a vield sufficient to identify 
the compound more fully. The following procedure was used. 

The iodinated casein was prepared exactly as described in the preceding 
paper. 600 gm. were mixed with 3 liters of n-butyl! alcohol, and 3 liters of 
an aqueous solution containing 32 per cent sulfuric acid were added. The 
mixture was refluxed on a boiling water bath until the biuret test became 
negative, a period of 13 hours. After cooling, 6 liters of distilled water 
were added and mixed thoroughly. 

The solution was then placed in a large separatory funnel, and the aque- 
ous layer was drawn off and discarded. In order to remove a considerable 
amount of alkali-soluble, dark colored impurity, the butyl alcohol layer 
was extracted three times in succession with 3 liter portions of a solution 
containing 16 per cent of sodium hydroxide and 5 per cent of sodium car- 
bonate, the aqueous layer being discarded each time. In order to avoid 
racemization, the extractions were carried out as rapidly as possible, and 
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immediately after the last extraction the buty! alcohol portion was adjusted 
to pH 4.5 to 5.0 by the addition of dilute hydrochloric acid. 

The butyl alcohol was removed by vacuum distillation with gentle warm- 
ing in a water bath. The residue was dissolved in approximately 5 liters 
of distilled water with the aid of ammonium hydroxide, heated to 60°, and 
warm barium hydroxide solution was added until a floeculent precipitate 
formed. The precipitate of barium salts (Precipitate A) was filtered off 
quickly on a Buchner funnel, leaving a clear, straw-colored filtrate (B). 
When the filtrate was acidified to pH 4.5 to 5.0 with dilute acetie acid, a 
light colored precipitate settled out. Precipitate A was decomposed by 
making it slightly acid to Congo red with hydrochloric acid, and the acid- 
insoluble material was recovered by filtration, dissolved in 1 liter of distilled 
water with the aid of ammonia, heated to 60°, and treated with a slight 
excess of warm barium hydroxide solution as before. After the barium 
salts were filtered off, a second small quantity of acid-insoluble substance 
was recovered from the filtrate. This process was repeated twice more, a 
small amount of acid-insoluble material being recovered each time. 

The combined precipitates were dissolved in about 800 ml. of distilled 
water with the aid of ammonia, warmed to 60°, and a few ml. of saturated 
ammonium sulfate solution were added. The precipitate of barium sulfate 
was removed by centrifuging. The clear, amber-colored solution that 
remained was heated to 85°, and cautiously acidified with dilute sulfuric 
acid solution to the point of maximum precipitation (pH 5.0). The granu- 
lar precipitate was collected by filtering while hot, and then washed with 
dilute acetic acid. 

After the material was dried in vacuo over magnesium perchlorate, a 
yield of 7.2 gm. of acid-insoluble precipitate containing 42 per cent of iodine 
was obtained. Of this precipitate 7.1 gm. were dissolved in 300 ml. of hot 
0.1 N sodium carbonate and centrifuged while hot to remove a small 
amount of undissolved matter. When this solution was cooled to 0°, a 
heavy micro crystalline precipitate of the monosodium salt of thyroxine 
settled out. The thyroxine was purified as described in the preceding 
paper, and was finally crystallized from alkaline alcohol as the free amino 
acid. A total yield equivalent to 595 mg. of crystalline thyroxine was 
obtained by this method from 600 gm. of starting material. In addition, a 
fraction that was estimated to contain approximately 100 mg. of thyroxine 
was lost through breakage of a centrifuge tube. The probable yield was 
thus well over 0.1 per cent of the original iodinated casein. 

The crystalline compound was found to contain 65.1 per cent iodine. 
The melting point, when the compound was heated at the rate of 3° per 
minute, was 236-238°, as compared to a melting point of 230-232° obtained 
with dl-thyroxine by the same method. 

Optical Rotation—The optical rotation was determined in a highly sensi- 
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tive Schmidt and Haensch polariscope, with a sodium vapor lamp as light 
source. 210 mg. of the crystalline thyroxine were dissolved in 5 ml. of a 
solution consisting of 24 gm. of 0.5 N sodium hydroxide mixed with 56 
gm. of absolute ethyl alcohol. The observed rotation was —0.176°, or 
[a], = —4.2°. The specific rotation of the thyroxine obtained by acid 
hydrolysis of iodinated casein thus agrees fairly well with the value of 
—4.4° reported by Foster et al. (2) for thyroxine recovered by the enzyma- 
tic hydrolysis of thyroid tissue, but is slightly higher than the value of 
—3.8° reported by Harington and Salter (1) for the product obtained both 
by resolution of synthetic thyroxine and by isolation from thyroid. It 
should be noted that the latter workers used a mercury green light for the 
polariscope determination, whereas our data and those of Foster et al. were 
obtained with sodium light. 

Hydrolysis with Hydrochloric Acid—Following the isolation of l-thyroxine 
subsequent to hydrolysis with the sulfuric acid-buty! alcohol mixture it 
was of interest to determine whether similar results could be obtained by 
the use of hydrochloric acid. For this purpose 600 gm. of iodinated casein 
from the same lot used for the previous work were treated exactly as already 
described except that 20 per cent hydrochloric acid was used for the hydrol- 
ysis instead of sulfuric acid. After the material was refluxed for 10 hours, 
the biuret test became negative and hydrolysis was judged to be complete. 
The hydrolysate differed from that obtained with sulfuric acid in the much 
larger amount of insoluble residue that collected below the buty] alcohol 
layer during the extraction with sodium hydroxide. This was drawn off 
through the separatory funnel after the final extraction and discarded. 
After removal of the butyl alcohol, and purification as described previously, 
a yield of 31 mg. of a crystalline product containing 64.2 per cent iodine and 
of the same appearance and general properties as thyroxine was isolated. 
In view of the results described previously, it appeared safe to assume that 
this compound was also /-thyroxine. Because of the small amount of 
material available, however, further identification was not attempted. 

Biological Assay of l-Thyroxine—The metabolic effect of /-thyroxine 
obtained by the hydrolysis of iodinated casein with sulfuric acid was com- 
pared with that of crystalline synthetic dl-thyroxine by use of the guinea 
pig assay described in the preceding paper. Both preparations were in- 


jected subcutaneously. 

A stock solution of /-thyroxine in a concentration of 1 mg. per ml. was 
prepared. Before being made up to volume, the thyroxine was dissolved 
by adding a minimum amount of 0.1 N sodium hydroxide, and then preci- 
pitated as the monosodium salt by addition of 0.1 x hydrochloric acid to 
pH 6.8 to 7.0. Immediately before injection the stock solution was mixed 
well and an aliquot was accurately pipetted out. 4 drops of 0.1 N sodium 
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hydroxide solution were added to dissolve the thyroxine, and the solution 
was made up to the required volume. The dl-thyroxine was dissolved in 
distilled water with the aid of a minimum of 0.1 nN sodium hydroxide solu- 
tion. The solutions were kept in the refrigerator when not in use. 

The results of two different assays in which the calorigenic effect of the 
l- and dl-thyroxine is compared are given in Table I. In the first, /- 
thyroxine from iodinated casein, injected at the rates of 4 and 8 y per 100 


TABLE I 


Comparative Thyroidal Potency of l- and dl-Thyroxine 


Average gain in CO? output* Body weight loss 
No of — 
Preparation Dosage guinea -< re a i Com. Aine | Adie 
pigs Trial Trial _ Trial bined | 7 days | 14 days 
average| dosage | dosage 
Assay | 
y per | per | per | per | per | per | per | per 
100 gm cent cent cent cent cent | cent | cent 
l-Thyroxine, from io- | 8 ! 53.1 | 52.7 | 49.6 | 46.1 | 50.4 | 12.0] 20.2 
docasein | 
= { 4 29.4 | 25.1 | 40.6 | 39.0 | 33.5] 9.5) 14.6 
dl-Thyroxine, syn- 8 4 32.4 | 26.5 | 37.1 | 36.0 | 33.0 8.6 | 14.0 
thetic 
Assay 2 
l-Thyroxine, from io- | 6.25 4 29.6 | 33.6 | 32.7 | 33.4 | 32.3 | 10.6 | 18.3 
docasein | 
~ a 3.12 4 25.5 | 22.9 | 25.5 | 20.9 | 23.7 6.4 | 10.7 
dl-Thyroxine, syn- 6.25 t 24.8 | 27.7 | 27.7 | 24.0 | 26.0 7.2) 11.4 
; | 
thetic 


* The metabolism data for Assay 1 are for the 9th, 10th, 11th, and 14th days after 
dosage started. The values for Assay 2 were obtained on the 7th, 8th, 9th, and 12th 
days of dosage. The results are expressad as the percentage increase in carbon 
dioxide output above normal control values obtained under similar conditions. 


gm. of body weight, was compared with crystalline synthetic dl-thyroxine 
injected at the 8 y level. 

In Assay 1 the carbon dioxide production was determined periodically 
during the 6th to 14th days of dosage. The values obtained in four trials 
during the latter part of the period, when the animals had reached the 
peak of stimulation, are presented in Table I. The percentage loss of body 
weight was calculated on the 7th and 14th days of dosage. Both the in- 
crease in carbon dioxide production and loss of body weight of the animals 
receiving 4 y of /-thyroxine or 8 y of dl-thyroxine per 100 gm. of body 
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weight were practically identical. 8 y of /-thyroxine produced a much 
higher response than the same dosage of the di mixture. 

The results of a second trial in which /- and dl-thyroxine were compared 
at a lower dosage level are shown in Assay 2, Table I. After 12 days of 
dosage on this experiment, there was a sudden rise in environmental tem- 
perature that made it impossible, under our conditions, to obtain reliable 
results on metabolism. Therefore, results on the carbon dioxide output 
are given for the last four trials in this 12 day period, and data on loss of 
body weight are given for the 7th and 14th days of dosage. In this instance 
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6.25 y of di-thyroxine appeared to cause a slightly greater effect than 3.12 
y of l-thyroxine, the two substances producing average increases in carbon 
dioxide output of 26.0 and 23.7 per cent, respectively. From data that 
have accumulated in our laboratory (unpublished), we have computed 
that the standard error (5y X x) of the increased carbon dioxide output in 


response to a given dosage of thyroxine is 3.86 per cent. Therefore, the 


difference noted above is within the experimental error of the method. 
When given at the same dosage level, l-thy roxine again produced a dis- 
tinctly higher response than the d/ compound did. 

This is clearly demonstrated by the response curves of Assay 2, charted 
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in Fig. 1. It will be noted that the responses to 3.12 y of /-thyroxine and 
6.25 y of di-thyroxine per 100 gm. of body weight run closely parallel but 
are distinctly lower than the values for the group receiving 6.25 y of [- 
thyroxine. 

DISCUSSION 

From the results, it must be concluded that the /-thyroxine obtained by 
acid hydrolysis of iodinated casein has approximately twice the potency of 
synthetic dl-thyroxine. This is in agreement with the report of Foster 
et al. (2), who reported that /-thyroxine recovered from thyroid tissue ex- 
erted twice the effect of the dl mixture. Gaddum (8) reported that /- 
thyroxine obtained by resolution of the synthetic substance had 3 times 
the potency of the d form, while Salter, Lerman, and Means (9) failed to 
establish any difference between these same preparations when admin- 
istered to myxedematous patients. Foster et al. suggested that the small 
amount of activity noted by Gaddum for d-thyroxine may have been due 
to incomplete resolution of the sample, which possessed a somewhat lower 
specific rotation than the natural product used in their experiments. From 
our present results it appears possible to account, within experimental error, 
for the full activity of dl-thyroxine by the activity of its 1 component alone. 
Since the accuracy of the method is limited to approximately +20 per cent, 
however, a small amount of activity of the d compound could exist without 
being detected. 

The present results help to throw some additional light on the mode of 
synthesis of thyroxine in an iodinated protein. If the synthesis occurs by 
the oxidative coupling of 2 molecules of diiodotyrosine and the elimination 
of one side chain, as has been previously suggested by Ludwig and von Mut- 
zenbecher (7), Harington and Rivers (10), Reineke et a/. (11), and elabo- 
rated further by Johnson and Tewkesbury (12), the thyroxine would be 
expected to occur in an optically active state, since no alteration of the re- 
maining side chain would be involved. Our recovery of the / compound 
after acid hydrolysis lends further support to this concept. 

The formation of /-thyroxine in iodinated proteins also explains in large 
part the high thyroidal activity of the preparations previously reported 
from our laboratory, as discussed in the preceding paper. 

By our new method of hydrolysis a yield of approximately 0.1 per cent 
of /-thyroxine was obtained as compared to more than 0.4 per cent of dl- 
thyroxine obtained by hydrolysis with alkali. It is believed that, by fur- 
ther study of the method of hydrolysis with acid in order to establish more 
nearly optimum conditions, this yield could be improved considerably. 
Even as used at present, however, it represents a great advance over any 
method for obtaining /-thyroxine that has been available heretofore. Har- 
ington and Salter (1) obtained minute yields of /-thyroxine from thyroid 
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by enzymatic hydrolysis. Foster et al. (2), using similar methods, recoy- 
ered a yield of only 104 mg. of /-thyroxine from 18 kilos of fresh hog thy- 
roid. In a second trial they reported a yield of 28 mg. of /-thyroxine from 
2.2 kilos of commercial desiccated and defatted thyroid. 


SUMMARY 


1. Crystalline /-thyroxine ([a], = —4.2°, iodine content 65.1 per cent, 
m.p. 236-238°) was isolated from iodinated casein. 

2. Direct hydrolysis of iodinated casein with a sulfuric acid-buty] alcohol 
mixture gave a yield of approximately 0.1 per cent of crystalline /-thyrox- 
ine. Thyroxine was recovered in a much lower yield by direct hydrolysis 
with a hydrochloric acid-butyl alcohol mixture. 

3. Details of the new method for recovery of thyroxine are described. 

4. The /-thyroxine showed approximately twice the thyroidal effect of 
racemic thyroxine, as shown by its elevation of the carbon dioxide output 


and by loss of body weight of guinea pigs. 
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ANOMALOUS AMINO NITROGEN VALUES* 
Sirs: 


As a preliminary step in the investigation of the structure of penicillin, 
amino and total nitrogen determinations were made on a crude preparation. ' 
It was found that the manometric amino nitrogen value was almost double 
that for total nitrogen (micro-Kjeldahl). Chrysogenin,' the yellow pig- 
ment which accompanies penicillin, gave an amino nitrogen value of 2.73 
per cent (30 minutes reaction time), although the micro-Kjeldahl deter- 
mination showed that the material contained no nitrogen. It is, of course, 
well known that certain amino acids give more than the theoretical amount 
of nitrogen in the Van Slyke determination.” However, there are very few 
reports concerning anomalous values from non-nitrogenous compounds. 
Lough and Lewis* found that thioglycolic and a-thiolpropionic acids yielded 
nitrogen. Clarke and Inouye‘ observed that pyruvic acid gave an ap- 
preciable amount of gas when analyzed by the standard procedure. It 
seemed desirable, therefore, to determine what types of non-nitrogenous 
compounds give amino nitrogen values. Some preliminary results of this 
study are recorded in the table. The determinations were made by the 
standard Van Slyke manometric technique at temperatures of 24-28°. 

These results clearly demonstrate that amino nitrogen values on com- 
pounds of unknown structure must be interpreted with caution. In the 
case of the crude penicillin, for example, the amino nitrogen figure by it- 
self is quite misleading, since the available evidence indicates that penicillin 
does not contain a free primary amino group. 

The identity of the gas produced in the reaction of nitrous acid with 
resorcinol was of interest in connection with the mechanism of the reaction. 
The possibilities are nitrogen, carbon monoxide, hydrogen, or a hydro- 
carbon. Carbon monoxide was eliminated, since the gas was not absorbed 
by Winkler’s solution. It is highly improbable that either hydrogen or a 


lhe authors wish to acknowledge a grant to one of us (S. R. D.) by The Upjohn 
Company. 
' This product was kindly supplied by The Upjohn Company. 
> Schmidt, C. L. A., J. Biol. Chem., 82, 587 (1929). Kendrick, A. B., and Hanke 
M. E., J. Biol. Chem., 117, 161 (1937). 
’ Lough, 8S. A., and Lewis, H. B.,./. Biol. Chem., 104, 601 (1934). 
‘Clarke, H. T., and Inouye, J. M., J. Biol. Chem., 89, 399 (1930). 
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Compound Reaction time Amino nitrogen 


liom 
per cent oms per mole 


sample 
Resoreinol 5 9.44 0.75 
30 i2.91 1.03 
monomethyl ether 5 1.10 
dimethyl ether 5 0.05 
Catechol 5 3.87 0.30 
30 7.62 0.58 
Hydroquinone 5 3.63 0.28 
30 1.63 0.36 
Salicylic acid 30 0.21 
m-Hydroxybenzoic acid 5 0.59 
p-Hydroxybenzoic * 5 0.76 
Phenol 5 1.00 
Ascorbic acid 5 0.00 
30 0.06 
kithyl acetoacetate 30 0.24 
Tetronice acid 30 2.08 





hydrocarbon is produced in this reaction. The most likely possibility is 
that nitrogen is formed by reduction of the nitrous acid of the reagent. 
A more extensive investigation of this question is now in progress. 


Division of Biochemistry Herbert bk. Carrer 
Voyes Laboratory of Chemistry Ss. R. DickMan 
University of Illinois 


‘rbana 
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SOME PROPERTIES OF A GROWTH FACTOR FOR 
LACTOBACILLUS CASEI* 


Sirs: 


This communication describes certain properties of a growth factor for 
Lactobacillus casei ¢, first described as the “‘norite eluate factor.”! Prepara- 
tions have been obtained from liver and yeast. The compound from liver 
gave a methyl ester which was precipitated repeatedly from ethanol in a 
yellow gelatinous form without change in biological activity. Analysis, 
C 52.7, H 4.8, N 20.1, phosphorus absent.2, Upon slow evaporation on a 
microscope slide in air of a methanol solution of the methyl ester, very 
small acicular or bladed crystals, or aggregates of these, were formed which 
showed oblique extinction. The ultraviolet absorption spectrum of the 
free acid was measured in acid, neutral, and alkaline solutions (Fig. 1). 
From yeast a compound was obtained which yielded a methyl ester in 
crystalline form. The free acid of this had the same absorption spectrum 
in 0.1 N NaOH, pH 7.0, as the material isolated from liver. The esters 
obtained from liver and yeast were hydrolyzed to yield preparations which 
had equal potency for L. casei «. However, when assayed with S. lactis R, 
by the method of Mitchell and Snell,* the preparation from yeast was only 
half as active as that from liver. When compared with Liver Fraction 
B (potency 1) of Mitchell and Snell,’ our preparation from liver had a 
relative potency of 79,000 when determined with L. casei « and 78,000 
when assayed with S. lactis R. The preparation from yeast had a relative 
potency of 75,000 with L. casei « and 38,000 with S. lactis R. These 
results indicate that the materials isolated from liver and yeast are 
different. 

The compound obtained from liver is thought to be identical with that 
obtained by Pfiffner et al.,4 who reported an analysis for the free acid which 
is in agreement with the present results with the ester if these are adjusted 
for an added methyl group. The amount required for half maximum 
growth of L. casei ¢ was 0.000055 y per ml. of medium, which is in good 

*The author wishes to thank Miss B. Eames for making the microbiological 
assays, Mr. D. Richardson for the absorption spectrum measurements, and Dr. E. F. 
Williams for the crystallographic work. 

' Snell, E. E., and Peterson, W. H., J. Bact., 39, 273 (1940). Hutchings, B. L. 
Bohonos, N., and Peterson, W. H., J. Biol. Chem., 141, 521 (1941). 

? The writer wishes to take the opportunity to correct an error in a previous 
report (J. Biol. Chem., 189, 475 (1941)) that the growth factor for L. casei ¢ contains 


phosphorus. 

Mitchell, H. K., and Snell, E. E., Univ. Texas Pub., No. 4137, 36 (1941). 

Pfiffner, J. J., Binkley, 8. B., Bloom, E. 8., Brown, R. A., Bird, O. D., Emmett, 
\. D., Hogan, A. G., and O'Dell, B. L., Science, 97, 404 (1943). 
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agreement with the results obtained by Pfiffner ef al. Both the prepara- 
tions from liver and veast appear to differ from the growth factor for S, 
lactis R described by Keresztesy et al.6 Their preparation was approxi- 
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Fig. 1. Ultraviolet absorption spectrum of L. casei factor from live: 


mately 2500 times as active for S. lactis R. as for L. casei €, while the two 
preparations described here were more active for lL. casei than for 8S. 


lactis R. 


Lederle Laboratories, Inc EE. L. R. Svoxstap 
Pearl River. Vew York 
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> Keresztesy, J. C., Riekes, E. R., and Stokes, J. L., Science, 97, 465 (1943 
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GROWTH-PROMOTING ACTIVITY OF BETAINE IN THE CHICK 
Sirs: 


The ineffectiveness of betaine’ and methionine? in the prevention of 
perosis due to choline deficiency indicates little or no choline synthesis 
in the chick. Betaine has previously shown small growth-promoting 
effects of doubtful significance.':* We wish to report results of studies 
which show that under certain conditions betaine is capable of exerting a 
growth effect in the chick equivalent to that of choline. Typical results 
which have been confirmed by other experiments are given in the table. 

The chick diet used was a synthetic type containing isolated soy bean 
protein as the only source of amino acids. It was otherwise similar to 


Effects of Choline, Betaine, and Methionine on Rate of Gain in Chicks 


Weight gain per day 


Supplement to diet Level 
Series I | Series II 

per cent per cent | per cent 
None ee Sy 1.8 
Betaine hydrochloride 0.22 3.4 4.1 

0.30 3.7 4.0 
Choline chloride 0.20 3.8, 4.2* 3.4, 4.2* 
Methionine 0.50 4 


* Each value represents one group. 


diets already described‘ with the exception that yeast extract was replaced 
by crystalline members of the vitamin B complex and choline was not 
added. ‘The diet, in contrast with those previously employed,'~ contained 
amounts of the sulfur-bearing amino acids which were known to be sub- 
optimal. ‘This fact, together with the deficiency of choline, is believed to 
have accentuated the effect of betaine. Chicks were depleted of choline 
prior to their use in experiments. 

These and other data obtained indicate that betaine may assume in 
certain respects the functions of choline or methionine in the chick. 


' Jukes, T. H., and Welch, A. D., J. Biol. Chem., 146, 19 (1942). Almquist, H. 
J., unpublished data (1943). 
2 Jukes, T. H., J. Nutr., 22, 315 (1941). 
MeGinnis, J., Norris, L. C., and Heuser, G. F., Proc. Soc. Exp. Biol. and Med.., 
61, 293 (1942). 
‘Almquist, H. J., Mecchi, k., Kratzer, F. H., and Grau, C. R., J. Nutr., 24, 
385 (1942). 
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Betaine or a substance derived from betaine may be a physiological re- 
quirement which can be formed, if necessary, from choline or methionine. 


Division of Poultry Husbandry H. J. ALMQuistr 
College of Agriculture C. R. Grav 
University of California 
Berkeley 


Received for publication, July 3, 1943 
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a-KETOGLUTARIC DEHYDROGENASE OF HEART EXTRACTS* 
Sirs: 
The reaction 


a-Ketoglutarate + 0.502 = succinate + CO, (1) 





was studied in dialyzed extracts of washed cat heart in order to obtain 
some information on the components of the system, a knowledge which 
will be of help in the purification of the enzyme or enzymes involved. 

In the presence of 0.025 m malonate, to inhibit the succinic dehydro- 
genase, one obtains R.Q. values of 1.7 to 1.9, and the ratio of molecules of 
oxygen consumed to molecules of a-ketoglutarate utilized is close to 0.5; 
this indicates the almost exclusive occurrence of reaction (1) under the 
experimental conditions employed. The pH optimum of the reaction is 
about 7.5. After 4 to 5 hours of dialysis there is but little utilization of 
_a-ketoglutarate; this can, however, be restored to values approaching 
those obtained before dialysis by addition of (a) inorganic phosphate (but 
not arsenate) and (b) muscle adenylic acid or adenosine triphosphate (but 
/not veast adenylic acid or adenosine). Some of these facts are illustrated 
}in the accompanying table. Addition of fumarate has no effect on the 
‘rate of a-ketoglutarate utilization, indicating that C, dicarboxylic acids 

are not involved in the transport of hydrogen from a-ketoglutarate to 
| oxygen. 

Indirect measurements have shown that oxidation of pyruvate by tissue 
extracts can be linked with as high an uptake of phosphate by phosphate 
acceptors as 3 molecules per atom of oxygen consumed.' It is therefore 
of some interest that, in relation to the oxygen consumption, as much 
esterification of phosphate with glucose is brought about by reaction (1) as 

‘by the complete oxidation of pyruvate with the same enzyme preparation. 
In an experiment with a-ketoglutarate, 16 micromoles of oxygen were 
consumed, 30 micromoles of CO, produced, 40 micromoles of a-keto- 
iglutarate utilized, and 35 micromoles of phosphate esterified with glucose 
in 40 minutes at 36.6°. This gives an R.q. of 1.87, a ratio of O. consumed 
Ito a-ketoglutarate utilized of 0.4, and a P:O ratio of 1.1 molecules of 
phosphate per atom of oxygen consumed. With pyruvate as substrate 
\(no malonate), 22 micromoles of oxygen were consumed, 12 micromoles of 
ipyruvate utilized, and 52 micromoles of phosphate esterified in 20 minutes 


*Supported by a grant from the Williams-Waterman Fund of the Research 
)}Corporation. 
' Ochoa, 8., Federation Proc., 2, 67 (1943). 
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1.5 ec. of dialyzed extract were brought to 2.0 ce. with additions including 8 
micromoles of MgCl, and 50 micromoles of sodium malonate. Incubation 40 minutes 
at 36.6°; 100 per cent oxygen in the gas phase. All values are expressed in micro 


moles. 
Additions . 

Oxygen Baas 
a-Keto . . uptake Citilised 

glutarate Phosphate Arsenate Adenine nucleotide _— 

l 0 75 0 5 AMP 0.1 

56 75 0 0 1.1 3.4 

56 75 0 5 AMP 8.3 17.8 

56 0 0 >» = 1.1 4.0 

56 0 75 0 1.9 eh 

56 0 75 5 AMP ft 4.4 

2 65 75 0 0 1.3 10.0 
65 75 0 1.35 ATP 19.6 38.0 

AMP = adenosine-5-monophosphate; ATP = adenosine triphosphate. 


(O. consumed to pyruvate utilized = 1.8; P:O = 1.2). In another experi- 


Department of Medicine SEVERO OcHos 


Vew York University College of Medicine and the Medical 
Service of the Psychiatric Division, Bellevue Hospital 


Vew York 


Received for publication, July 13, 1943 
2 The values of the P:O ratio as directly measured depend on the activity of the 
adenosine triphosphatase in the extracts, varying inversely with it 





ment the P:O ratios were 1.5 with a-ketoglutarate, and 1.7 with pyruvate. 
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